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ABSTRACT
Some Novel Electrochemical Detection Systems for Flowing 
Solution Analysis
Michael James Me Grath
The developments in modern electrochemical instrumentation and their impact on 
electrochemical techniques are reviewed in Chapter 1. N ew  potentiostat designs are 
discussed, particularly multichannel potentiostats for use with arrays o f  working 
electrodes. The fundamentals o f  flow cell design for electrochemical detection systems 
are also examined. Finally the recent applications o f  electrochemical detection with 
LC, FI A  and CE are reviewed.
Chapter 2 describes the design and development o f  a 4-channel computer-controlled 
potentiostat (expandable to 16 channels) for use with an amperometric array in flowing 
injection analysis. Control o f  the purpose instrumentation was effected with a 486-33  
M Hz personal computer and Analog D evices RTI-815 and RTI-817 data 
acquisition\control cards which were responsible for hardware control functions and 
data acquisition via digital and analog control lines. The control software was 
developed using M icrosoft QuickBASIC. The instrumentation developed was used 
with both linear and radial flow  cell configurations which were constructed "in- 
house". The design was based on the utilisation o f  common reference and counter 
electrodes to reduce the complexity o f  the electrode arrangement. A  variety o f  
applications were demonstrated for the system, these included the determination o f  
metal ions in solution and the use o f  dual sensors for the measurement o f  glucose in the 
presence o f  common clinical interferences.
The design and application o f  a fountain type flow cell for use with sequential injection 
analysis (SIA) is discussed in Chapter 3. The unique flow  characteristics o f  the 
fountain cell make it suitable for use with planar detectors such as glassy carbon 
electrodes, particularly arrays o f  these electrodes spaced at equi-distances from the
XII
inlet. The flow characteristics o f  the fountain cell were analysed with two different 
electrode array configurations. The development o f  an on-line polymerisation 
procedure for pyrrole using the fountain cell is also discussed.
The development an electrochemical detection system for use with capillary 
electrophoresis (CE) is described in Chapter 4. The system was based on the use o f  an 
end column decoupler to separate the working electrode from the high voltages 
required for separations. Both amperometric and voltammetric detection was 
implemented with the system using carbon fiber microelectrodes. Dynamic 
background subtraction was utilised to improve the signal to noise ratio. A  number o f  
the parameters affecting voltammetric detection were investigated. The system was 






A n a l y t i c a l  t e c h n i q u e s  b a s e d  o n  e l e c t r o c h e m i c a l  p r i n c i p l e s  m a k e  u p  o n e  o f  t h e  t h r e e  
m a j o r  d i v i s i o n s  o f  i n s t r u m e n t a l  a n a l y t i c a l  c h e m i s t r y .  E a c h  b a s i c  e l e c t r i c a l  m e a s u r e m e n t  
o f  c u r r e n t ,  r e s i s t a n c e  a n d  v o l t a g e  h a s  b e e n  u s e d  a l o n e  o r  i n  c o m b i n a t i o n  f o r  a n a l y t i c a l  
p u r p o s e s .  I f  t h e s e  e l e c t r i c a l  p r o p e r t i e s  a r e  m e a s u r e d  a s  a  f u n c t i o n  o f  t i m e ,  m a n y  
a d d i t i o n a l  e l e c t r o a n a l y t i c a l  m e t h o d s  o f  a n a l y s i s  a r e  p o s s i b l e .  T h e  i n d i v i d u a l  t e c h n i q u e s  
a r e  b e s t  r e c o g n i s e d  b y  t h e i r  e x c i t a t i o n  r e s p o n s e  c h a r a c t e r i s t i c s .  A n  e x a m p l e  o f  o n e  
s u c h  t e c h n i q u e  i s  v o l t a m m e t r y  [ 1 - 2 ] ,  H i s t o r i c a l l y ,  v o l t a m m e t r y  d e v e l o p e d  f r o m  t h e  
d i s c o v e r y  o f  p o l a r o g r a p h y  b y  t h e  C z e c h o s l o v a k i a n  c h e m i s t  J a r o s l a v  H e y r o v s k y  [ 3 ]  i n  
t h e  e a r l y  1 9 2 0 ' s .  P o l a r o g r a p h y ,  w h i c h  i s  s t i l l  t h e  m o s t  w i d e l y  u s e d  o f  a l l  t h e  
v o l t a m m e t r i c  m e t h o d s ,  d i f f e r s  f r o m  t h e  o t h e r s  i n  t h e  r e s p e c t  t h a t  a  d r o p p i n g  m e r c u r y  
e l e c t r o d e  i s  u s e d  a s  t h e  w o r k i n g  e l e c t r o d e  [ 4 ] ,
P r i o r  t o  1 9 6 0 ,  e l e c t r o c h e m i c a l  i n s t r u m e n t a t i o n  c o n s i s t e d  m a i n l y  o f  w h e a t s t o n e  
b r i d g e s ,  m o t o r  d r i v e n  p o t e n t i o m e t e r s ,  v a c u u m  t u b e s  a n d  a n a l o g  m e t e r s .  R a p i d  
a d v a n c e s  i n  m i c r o e l e c t r o n i c s ,  a n d  p a r t i c u l a r  t h e  i n t r o d u c t i o n  o f  t h e  m o d e r n  o p - a m p  i n  
t h e  1 9 7 0 ’ s ,  h a v e  l e d  t o  m a j o r  c h a n g e s  i n  t h e  d e s i g n  a n d  d e v e l o p m e n t  o f  
e l e c t r o a n a l y t i c a l  i n s t r u m e n t a t i o n .  M i n i a t u r e ,  l o w - c o s t  i n t e g r a t e d  c i r c u i t s  c a n  n o w  
p e r f o r m  m a n y  f u n c t i o n s  t h a t  p r e v i o u s l y  r e q u i r e d  v e r y  l a r g e  c u m b e r s o m e  i n s t r u m e n t s  
[ 5 ] ,  T h e  i n t r o d u c t i o n  i n  1 9 6 8  o f  a  m o d e r n  m u l t i p u r p o s e  v o l t a m m e t r i c  i n s t r u m e n t
1
( P A R  1 7 0 )  b y  E G & G  P r i n c e t o n  A p p l i e d  R e s e a r c h  C o r p o r a t i o n  s t i m u l a t e d  a  b r o a d e r  
u s e  o f  e l e c t r o c h e m i s t r y  b y  n o n - s p e c i a l i s t s .  T h i s  w a s  q u i c k l y  f o l l o w e d  b y  t h e  s m a l l e r ,  
l e s s  e x p e n s i v e  P A R  1 7 4  w h i c h  b e c a m e  t h e  s t a n d a r d  f o r  r o u t i n e  p o l a r o g r a p h y  a n d  
v o l t a m m e t r y  [ 6 ] ,
T h e  a v a i l a b i l i t y  o f  r e l a t i v e l y  i n e x p e n s i v e  p r o c e s s o r s  a n d  p e r s o n a l  c o m p u t e r s  ( P C ’ s )  
s i n c e  t h e  m i d  1 9 7 0 ’ s  h a s  h a d  a  d r a m a t i c  i m p a c t  o n  t h e  w a y  e l e c t r o c h e m i c a l  
e x p e r i m e n t s  a r e  p e r f o r m e d .  I t  i s  n o w  p o s s i b l e  w i t h  m o d e r n  P C  b a s e d  i n s t r u m e n t a t i o n  
t o  c a r r y  o u t  a  v a r i e t y  o f  e l e c t r o c h e m i c a l  t e c h n i q u e s  [ 7 ] ,  C o m p u t e r  c o n t r o l l e d  
i n s t r u m e n t s  o f f e r  g r e a t e r  f l e x i b i l i t y  a n d  s o p h i s t i c a t i o n  i n  t h e  e x e c u t i o n  o f  a  g r e a t  
v a r i e t y  o f  m o d e s  o v e r  o l d e r  a u t o n o m o u s  p o t e n t i o s t a t s .
1.2 Electrochemical Techniques
1.2.1 Amperometry
A m p e r o m e t r y  i s  t h a t  c l a s s  o f  e l e c t r o a n a l y t i c a l  m e a s u r e m e n t s  i n  w h i c h  t h e  a p p l i e d  
p o t e n t i a l  i s  h e l d  c o n s t a n t  a n d  t h e  c u r r e n t  t h a t  f l o w s  i s  a  f u n c t i o n  o f  a n a l y t e  
c o n c e n t r a t i o n .  P r o v i d e d  t h a t  a l l  t h e  s u b s t a n c e  p r e s e n t  i s  a l l o w e d  t o  r e a c t  a t  t h e  
w o r k i n g  e l e c t r o d e  a n d  t h a t  t h e  e l e c t r o d e  r e a c t i o n  p r o c e e d s  a t  1 0 0 %  c u r r e n t  e f f i c i e n c y ,  
t h e  e l e c t r i c a l  c h a r g e  p a s s e d ,  Q ,  i s  r e l a t e d  t o  t h e  a m o u n t  o f  t h e  e l e c t r o a c t i v e  s u b s t a n c e ,  
N ,  a c c o r d i n g  t o  F a r a d a y ’ s  l a w :
Q  =  n F N  ( 1 . 1 )
w h e r e  Q  i s  t h e  n u m b e r  o f  c o u l o m b s  ( a  u n i t  o f  c h a r g e )  u s e d  i n  c o n v e r t i n g  N  m o l e s  o f  
m a t e r i a l ,  n  i s  t h e  n u m b e r  o f  e l e c t r o n s  ( l o s t  o r  g a i n e d  i n  t h e  t r a n s f e r  p r o c e s s  p e r  
m o l e c u l e )  a n d  F  i s  t h e  F a r a d a y ’ s  c o n s t a n t ,  i . e .  9 6 , 4 8 5  c o u l o m b s / m o l e  o f  e l e c t r o n s .
2
D i f f e r e n t i a t i o n  o f  e q u a t i o n  1 . 1  w i t h  r e s p e c t  t o  t i m e  y i e l d s  t h e  c u r r e n t ,  w h i c h  i s  t h e  
m e a s u r e  o f  t h e  r a t e  a t  w h i c h  m a t e r i a l  i s  c o n v e r t e d .
d Q  d N
-  =  , =  n F -  ( , . 2 )
E q u a t i o n  1 . 2  t h e r e f o r e  r e l a t e s  a  m e a s u r a b l e  q u a n t i t y ,  t h e  c u r r e n t ,  t o  t h e  f u n d a m e n t a l  
r e d o x  p r o c e s s  o c c u r r i n g  i n  t h e  c e l l .
T h e  c h o i c e  o f  p o t e n t i a l  f o r  a m p e r o m e t r i c  d e t e c t i o n  i n f l u e n c e s  b o t h  s e n s i t i v i t y  a n d  
s e l e c t i v i t y  o f  a n a l y s i s .  O p t i m u m  s e n s i t i v i t y  f o r  a  p a r t i c u l a r  a n a l y t e  i s  a c h i e v e d  b y  
h o l d i n g  t h e  p o t e n t i a l  i n  t h e  l i m i t i n g  c u r r e n t  r e g i o n  o f  t h e  h y d r o d y n a m i c  v o l t a m m o g r a m  
f o r  t h e  a n a l y t e  i n  q u e s t i o n .  A m p e r o m e t r i c  s e n s o r s  o f  t h e m s e l v e s  h a v e  o n l y  l i m i t e d  
s e l e c t i v i t y .  T h i s  s e l e c t i v i t y  i s  p r o v i d e d  b y  t h e  a d j u s t m e n t  o f  t h e  p o t e n t i a l  a t  w h i c h  t h e  
w o r k i n g  e l e c t r o d e  i s  h e l d .  T h e  w o r k i n g  e l e c t r o d e  c a n  b e  o p e r a t e d  a t  a  p o t e n t i a l  w h i c h  
i s  e i t h e r  s i g n i f i c a n t l y  l o w e r  o r  h i g h e r  t h a n  t h e  o x i d a t i o n  o r  r e d u c t i o n  p o t e n t i a l  o f  t h e  
i n t e r f e r i n g  s p e c i e s .  M a n y  a m p e r o m e t r i c  m e a s u r e m e n t s  a r e  t h e r e f o r e  b a s e d  o n  a  t r a d e  
o f f  b e t w e e n  s e l e c t i v i t y  a n d  s e n s i t i v i t y  [ 8 ,  9 ] ,
1.2.2 The Current Follower
T h e  c h i e f  e l e c t r o c h e m i c a l  v a r i a b l e s  s u c h  a s  c u r r e n t  a n d  v o l t a g e  a r e  a l l  a n a l o g  
q u a n t i t i e s ;  t h e r e f o r e  t h e  c i r c u i t s  r e q u i r e d  f o r  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  a r e  
c o n c e r n e d  w i t h  t h e  a c c u r a t e  a n d  r e l i a b l e  m e a s u r e m e n t  o f  t h e s e  q u a n t i t i e s  i n  t h e  a n a l o g  
d o m a i n .  T h e  c i r c u i t  e l e m e n t s  b e s t  s u i t e d  t o  t h e s e  j o b s  a r e  o p e r a t i o n a l  a m p l i f i e r s  ( o p -  
a m p s ) .  O n e  i m p o r t a n t  c i r c u i t  f o r  t h e  m e a s u r e m e n t  o f  c u r r e n t  b a s e d  o n  t h e  o p - a m p  i s  
t h e  c u r r e n t  f o l l o w e r .  I n  F i g u r e  1 . 1 . ,  a n  u n k n o w n  c u r r e n t  s o u r c e  ii„  i s  c o n n e c t e d  
d i r e c t l y  t o  t h e  i n v e r t i n g  i n p u t  o f  a n  o p - a m p  c o n f i g u r e d  a s  a  c u r r e n t  f o l l o w e r .  T h e
o u t p u t  v o l t a g e  v 0 g e n e r a t e s  t h e  c o m p a r i s o n  c u r r e n t  i f  t h r o u g h  t h e  r e s i s t o r  Rf. T h e  
s u b s c r i p t  f  i s  u s e d  f o r  s i g n a l s  a n d  c o m p o n e n t s  i n  t h e  f e e d b a c k  l o o p .  T h e  i n v e r t i n g  
i n p u t  i s  u s e d  f o r  t h e  f e e d b a c k  c u r r e n t  b e c a u s e  i t  p r o v i d e s  t h e  p r o p e r  c o r r e c t i v e  
d i r e c t i o n  a t  t h e  o u t p u t  i f  i i„  i n c r e a s e s .  T h e  c u r r e n t  i n  t h e  f e e d b a c k  l o o p  i f  i n c r e a s e s  
s u c h  a s  t o  m a i n t a i n  p o i n t  s  a t  v i r t u a l  g r o u n d .
Rf
F i g u r e  1 . 1 .  T h e  c u r r e n t  f o l l o w e r
A n  a p p r o x i m a t e  a n a l y s i s  c a n  a g a i n  b e  m a d e  b y  a s s u m i n g  t h e  p o t e n t i a l  d i f f e r e n c e  
b e t w e e n  t h e  i n p u t s  o f  t h e  o p - a m p  i s  a p p r o x i m a t e l y  z e r o  a s  l o n g  a s  v 0 i s  n o t  i n  l i m i t .  
S i n c e  t h e  n o n - i n v e r t i n g  i n p u t  ( + )  i s  c o n n e c t e d  t o  g r o u n d ,  t h e  v o l t a g e  a t  t h e  i n v e r t i n g  
i n p u t  i s  a t  0  v o l t s .  T h e  v o l t a g e  v 0 a p p e a r s  a c r o s s  R f  a n d  i f «  - V o / R r f r o m  O h m ’ s  l a w .  
T h e  b i a s  c u r r e n t  ib f o r  t h e  o p - a m p  i s  g e n e r a l l y  v e r y  s m a l l  b e c a u s e  o f  t h e  h i g h  
i m p e d a n c e  i n p u t s  o f  t h e  o p - a m p  a n d  t h e  v i r t u a l  g r o u n d  a t  p o i n t  s .  T h e  s u m m i n g  o f  t h e  
c u r r e n t s  a t  p o i n t  s  y i e l d s  i jn =  i f  +  ib . B e c a u s e  ib  i s  n e g l i g i b l e  c o m p a r e d  t o  i f  
c o n s e q u e n t l y  t h e  c u r r e n t s  i jn a n d  i f  a r e  e s s e n t i a l  e q u a l .  T h a t  i s ,  a l l  t h e  c u r r e n t  t o  p o i n t  
s  f r o m  t h e  s i g n a l  s o u r c e  a p p e a r s  i n  t h e  f e e d b a c k  p a t h  t h r o u g h  Rf. S u b s t i t u t i o n  o f  ii„  f o r  
i f  i n  t h e  e q u a t i o n  i f «  - V o / R f  y i e l d s :
v 0 « - i j nR f  ( 1 . 3 )
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T h u s  i f  f o l l o w s  i in a n d  p r o d u c e s  a n  o u t p u t  v o l t a g e  p r o p o r t i o n a l  t o  i ^ .  I f  a  v a l u e  o f  1 
M f 2  w e r e  c h o s e n  f o r  Rf, t h e  o u t p u t  v o l t a g e  w o u l d  b e  o n e  v o l t  p e r  m i c r o a m p  o f  i n p u t  
c u r r e n t .
T h e  c u r r e n t  f o l l o w e r  c i r c u i t  i s  i n  m a n y  w a y s  a n a l o g o u s  t o  t h e  v o l t a g e  f o l l o w e r .  T h e
o u t p u t  v o l t a g e  p r o d u c e d  i s  t h e  s a m e  a s  t h e  o n e  t h a t  w o u l d  o c c u r  i f  R f  w e r e  s i m p l y  a
l o a d  r e s i s t o r  a c r o s s  t h e  c u r r e n t  s o u r c e  ii„ . H o w e v e r ,  t h e  c u r r e n t  f o l l o w e r  p r e s e n t s  a
n e a r l y  i d e a l  l o a d  t o  t h e  c u r r e n t  s o u r c e  a n d  s u p p o r t s  a  v a r i e t y  o f  r e a d o u t  d e v i c e s .
T h e  l i m i t a t i o n s  i n  t h e  a p p l i c a t i o n  o f  t h e  c u r r e n t  f o l l o w e r  a r e  i n  t h e  e x a c t  r e l a t i o n  
b e t w e e n  v 0 a n d  v
Vo = — R f ( i i n  -  ih)( ^ ^  ) o r  Vo =  -iinRf +  i h R f (1.4)
F r o m  e i t h e r  f o r m  o f  t h e  e q u a t i o n  i t  c a n  b e  s e e n  t h a t  w h e n  A  ( a m p l i f i c a t i o n )  i s  v e r y  
l a r g e  a n d  ib i s  m u c h  l e s s  t h a n  i ;n, t h e  o u t p u t  v o l t a g e  v 0 i s  p r o p o r t i o n a l  t o  i k  a s  e x p e c t e d  
f r o m  e q u a t i o n  1 . 3 .  T h e  r a n g e  o f  c u r r e n t s  t h a t  c a n  b e  m e a s u r e d  b y  t h e  c u r r e n t  f o l l o w e r  
a n d  r e a d o u t  i s  l i m i t e d  o n  t h e  l o w  e n d  b y  t h e  i n p u t  b i a s  c u r r e n t  o f  t h e  o p - a m p  i b a n d  t h e  
h i g h  e n d  b y  t h e  o p - a m p ’ s  o u t p u t  c a p a b i l i t y .  O p - a m p  i n p u t  b i a s  c u r r e n t s  v a r y  f r o m  1 0 '9 
t o  1 0 " 15 a m p s  d e p e n d i n g  o n  t h e  q u a l i t y  o f  t h e  o p - a m p s  u s e d ,  m a k i n g  t h e  c u r r e n t  
f o l l o w e r  u s e f u l  i n t o  t h e  p i c o a m p e r e  c u r r e n t  r a n g e .  T h e  o u t p u t  c u r r e n t  c a p a b i l i t y  o f  a n  
o p - a m p  i s  g e n e r a l l y  2 - 1 0 0  m A .  T h e  o p - a m p  o u t p u t  m u s t  b e  c a p a b l e  o f  s u p p l y i n g  b o t h  
t h e  f e e d b a c k  c u r r e n t  i f  a n d  t h e  r e a d o u t  d e v i c e  c u r r e n t  [ 1 0 ,  1 1 ] ,
1.2.3 Voltammetry
V o l t a m m e t r y  c o m p r i s e s  a  g r o u p  o f  e l e c t r o a n a l y t i c a l  t e c h n i q u e s ,  e . g .  s q u a r e  w a v e  
v o l t a m m e t r y  [ 1 2 ] ,  n o r m a l  p u l s e  v o l t a m m e t r y  [ 1 3 ]  a n d  c y c l i c  v o l t a m m e t r y  [ 1 4 ] ,  T h e s e  
t e c h n i q u e s  a r e  b a s e d  o n  t h e  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p  i n  a n  e l e c t r o c h e m i c a l  c e l l ,
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a n d  i n  p a r t i c u l a r  w i t h  t h e  c u r r e n t - t i m e  r e s p o n s e  o f  a n  e l e c t r o d e  a t  a  c o n t r o l l e d  
p o t e n t i a l .  V o l t a m m e t r y  i n v o l v e s  t h e  a p p l i c a t i o n  o f  a  p o t e n t i a l  t o  a n  e l e c t r o c h e m i c a l  
c e l l ,  t h e  t r a n s p o r t  o f  m a t e r i a l  t o  a n  e l e c t r o d e  f o r  e l e c t r o l y s i s  a n d  t h e  m e a s u r e m e n t  o f  
c u r r e n t  f r o m  t h e  e l e c t r o l y t i c  p r o c e s s .  T h e  e l e c t r o n  t r a n s f e r  r e a c t i o n  c a n  t a k e  p l a c e  a t  
t h e  e l e c t r o d e  i f  t h e  p o t e n t i a l  i s  a p p r o p r i a t e ,  i t s  m a g n i t u d e  b e i n g  d e t e r m i n e d  b y  t h e  
s u r f a c e  c o n c e n t r a t i o n  o f  s o m e  e l e c t r o a c t i v e  s p e c i e s .  T h e  c u r r e n t  i s  r e c o r d e d  a s  a  
f u n c t i o n  o f  a p p l i e d  p o t e n t i a l .  T h e  v o l t a m m e t r i c  d a t a  p r o v i d e s  i n f o r m a t i o n  o n  t h e  
c h a r a c t e r  o f  t h e  e l e c t r o a c t i v e  s u b s t a n c e ,  t h r o u g h  t h e  p a r a m e t e r s  o f  i t s  v o l t a m m e t r i c  
w a v e ,  p r i m a r i l y  t h e  h a l f - w a v e  p o t e n t i a l ,  E i /2 . T h e  s i g n a l - t o - n o i s e  r a t i o  i n  
v o l t a m m e t r i c  m e a s u r e m e n t s  i s  l i m i t e d  b y  t h e  b a c k g r o u n d  c u r r e n t ,  w h i c h  c o n s i s t s  
p r i m a r i l y  o f  t h e  d o u b l e  l a y e r  c h a r g i n g  c u r r e n t .  T h i s  l i m i t a t i o n  i s  s i g n i f i c a n t l y  r e d u c e d  
w h e n  t h e  m e a s u r e m e n t  i s  m a d e  i n  a  n o n - s t a t i o n a r y  s t a t e  ( p u l s e  p o l a r i s a t i o n  o f  t h e  
w o r k i n g  e l e c t r o d e ) ,  w i t h  s e p a r a t i o n  o f  t h e  c h a r g i n g  c u r r e n t  c o m p o n e n t  f r o m  t h e  
f a r a d a i c  o n e  ( c o r r e s p o n d i n g  t o  t h e  c h a r g e - t r a n s f e r  r e a c t i o n  a t  t h e  e l e c t r o d e ) .  T h e r e  
a r e  a  n u m b e r  o f  n o n - s t a t i o n a r y  v o l t a m m e t r i c  m e t h o d s ,  o f  w i n c h  a l t e r n a t i n g  c u r r e n t  
( A C ) ,  s q u a r e  w a v e ,  n o r m a l  p u l s e  a n d  d i f f e r e n t i a l  p u l s e  v o l t a m m e t r y  a r e  t h e  m o s t  
w i d e l y  u s e d  [ 9 ] ,
V o l t a m m e t r i c  e x p e r i m e n t s  m a y  b e  c a r r i e d  o u t  w i t h  o r  w i t h o u t  m e c h a n i c a l  s t i r r i n g .  I f  
t h e  s o l u t i o n  i s  s t i r r e d ,  t h e  d o m i n a n t  t r a n s p o r t  m e c h a n i s m  i s  c o n v e c t i o n .  I n  o t h e r  
c a s e s ,  t h e  c e l l  i s  p r o t e c t e d  f r o m  m e c h a n i c a l  f o r c e s  t h a t  m i g h t  c a u s e  c o n v e c t i v e  m o t i o n  
o f  t h e  s o l u t i o n .  A s  t h e  e l e c t r o l y s i s  p r o c e e d s ,  t h e  a c t i v e  s p e c i e s  i n  t h e  v i c i n i t y  o f  t h e  
e l e c t r o d e  a r e  d e p l e t e d  b y  b e i n g  r e d u c e d  o r  o x i d i s e d ,  c r e a t i n g  a  c o n c e n t r a t i o n  g r a d i e n t  
b e t w e e n  t h e  s u r f a c e  o f  t h e  e l e c t r o d e  a n d  t h e  b u l k  s o l u t i o n .  I f  t h e  a p p l i e d  p o t e n t i a l  i s  
s m a l l ,  d i f f u s i o n  r e m a i n s  a  m i n o r  p r o c e s s ;  h o w e v e r ,  a s  t h e  p o t e n t i a l  i s  i n c r e a s e d ,  t h e
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d i f f u s i o n  r a t e  i n c r e a s e s ,  r e s u l t i n g  i n  h i g h e r  m a g n i t u d e  c u r r e n t s .  T h e r e f o r e  t h e  a n a l y t e  
m u s t  d i f f u s e  a t  a  m o r e  r a p i d  r a t e  i n  o r d e r  t o  m a i n t a i n  t h e  c u r r e n t  w i t h  i n c r e a s i n g  
p o t e n t i a l .  T h e  c o n c e n t r a t i o n  g r a d i e n t ,  a n d  h e n c e  t h e  r a t e  o f  d i f f u s i o n ,  i s  p r o p o r t i o n a l  
t o  t h e  b u l k  c o n c e n t r a t i o n .  I f  t h e  s o l u t i o n  i s  d i l u t e ,  a  p o t e n t i a l  w i l l  e v e n t u a l l y  b e  
r e a c h e d  a t  w h i c h  t h e  r a t e  o f  d i f f u s i o n  r e a c h e s  a  m a x i m u m  a n d  a l l  t h e  a n a l y t e  m o l e c u l e s  
a r e  r e d u c e d  o r  o x i d i s e d  a s  f a s t  a s  t h e y  c a n  d i f f u s e  t o  t h e  e l e c t r o d e  s u r f a c e .  H e n c e  a  
l i m i t i n g  c u r r e n t  v a l u e ,  i j ,  i s  r e a c h e d ,  a n d  f u r t h e r  i n c r e a s e s  i n  p o t e n t i a l  w i l l  n o t  r e s u l t  
i n  i n c r e a s e d  c u r r e n t .  I f  t h e  s o l u t i o n  i s  s t i r r e d  o r  t h e  e l e c t r o d e  i s  r o t a t e d ,  a  s i g m o i d a l  
p l o t  i s  n o r m a l l y  o b t a i n e d ;  t h a t  i s  t h e  l i m i t i n g  c u r r e n t  r e m a i n s  c o n s t a n t  o n c e  i t  i s  
e s t a b l i s h e d .  T h i s  o c c u r s  b e c a u s e  t h e  d i f f u s i o n  l a y e r ,  o r  t h e  t h i c k n e s s  o f  t h e  
c o n c e n t r a t i o n  g r a d i e n t  a c r o s s  w h i c h  t h e  a n a l y t e  m u s t  d i f f u s e ,  r e m a i n s  s m a l l  a n d  
c o n s t a n t ,  s i n c e  t h e  a n a l y t e  i s  c o n t i n u a l l y  b r o u g h t  n e a r  t o  t h e  e l e c t r o d e  s u r f a c e  b y  m a s s  
t r a n s f e r  ( s t i r r i n g ) .  B u t  i f  t h e  e l e c t r o d e  i s  u n s t i r r e d  a n d  i n  a  q u i e s c e n t  s o l u t i o n ,  t h e  
d i f f u s i o n  l a y e r  w i l l  e x t e n d  f a r t h e r  o u t  i n t o  t h e  s o l u t i o n  w i t h  t i m e ,  w i t h  t h e  r e s u l t  t h a t  
t h e  l i m i t i n g  c u r r e n t  d e c r e a s e s  w i t h  t i m e  a n d  a  " p e a k e d 1 w a v e  i s  o b t a i n e d  [ 1 5 ,  1 6 ] ,
O f  a l l  t h e  m a s s  t r a n s p o r t  m e c h a n i s m s ,  d i f f u s i o n  a n d  m i g r a t i o n  a r e  m o s t  r e a d i l y  
s u s c e p t i b l e  t o  d e t a i l e d  t h e o r e t i c a l  t r e a t m e n t .  I n  t h e  p r e s e n c e  o f  s u p p o r t i n g  e l e c t r o l y t e ,  
m i g r a t i o n  b e c o m e s  o f  n e g l i g i b l e  i m p o r t a n c e .  I n  a n  u n s t i r r e d  s o l u t i o n ,  t h e  
c o n c e n t r a t i o n  g r a d i e n t  d e c r e a s e s  r e s u l t i n g  i n  a  d e c r e a s e  i n  c u r r e n t .
T h i s  i s  g i v e n  b y  t h e  C o t t r e l l  e q u a t i o n :
,  n F A D ^ C *
( 1 5 )
w h e r e  n  i s  t h e  n u m b e r  o f  e l e c t r o n s  t r a n s f e r r e d ,  F  i s  t h e  F a r a d a y  c o n s t a n t  ( 9 6 , 4 8 5  
c o u l o m b  m o l e ' 1) ,  A  i s  t h e  a r e a  o f  t h e  e l e c t r o d e  ( c m 2) ,  D  i s  t h e  d i f f u s i o n  c o e f f i c i e n t
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( c m 2 s ' 1) ,  C* i s  t h e  b u l k  c o n c e n t r a t i o n  o f  t h e  a n a l y t e  ( m M )  a n d  t  i s  t h e  t i m e  i n  s e c o n d s .  
T h u s  t h e  c u r r e n t  d r o p s  o f f  a s  t h e  i n v e r s e  s q u a r e  r o o t  o f  t h e  t i m e  t .
I n  t h e  c a s e  o f  a  w e l l - s t i r r e d  s o l u t i o n ,  f r e s h  a c t i v e  m a t e r i a l  i s  a l w a y s  a v a i l a b l e  t o  t h e  
e l e c t r o d e ,  s o  t h e  c u r r e n t  s t a y s  a t  a  n e a r l y  c o n s t a n t  v a l u e .  T h e  m a g n i t u d e  o f  t h e  
c u r r e n t  i s  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n ,  w h i c h  d i m i n i s h e s  s l o w l y  b e c a u s e  o f  t h e  
c h a r g e  t r a n s f e r  r e a c t i o n  [ 1 5 - 1 7 ] ,
1.2.3.1 H ydrodynam ic Voltam m etry
W h e n  v o l t a m m e t r i c  e x p e r i m e n t s  a r e  c a r r i e d  o u t  i n  u n s t i r r e d  s o l u t i o n s ,  t h e  c u r r e n t  
r e s p o n s e  i s  a  t r a n s i e n t  t h a t  d e c a y s  w i t h  t i m e .  A s  t h e  c u r r e n t  a p p r o a c h e s  z e r o ,  t h e  
i n f o r m a t i o n  a v a i l a b l e  d i s a p p e a r s .  I n  o r d e r  t o  o b t a i n  m o r e  i n f o r m a t i o n ,  t h e  r e d o x  
p r o c e s s  m u s t  b e  f o r c e d  t o  c o n t i n u e .  O n e  p o s s i b l e  a n s w e r  i s  t o  p r o v i d e  f r e s h  s o l u t i o n  









Thin Layer Flow Cell
Figure 1.2. S c h e m a t i c  o f  a n  e l e c t r o c h e m i c a l  d e t e c t i o n  s y s t e m  f o r  LC.
T h e  t e r m  “ h y d r o d y n a m i c ”  i s  u s e d  t o  d e s c r i b e  t h i s  p r o c e d u r e ,  s i n c e  s o l u t i o n  f l o w  i s  
i n v a r i a b l y  a s s o c i a t e d  w i t h  i t .  H y d r o d y n a m i c  m e t h o d s  t a k e  a d v a n t a g e  o f  e n h a n c e d
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s e n s i t i v i t y  r e s u l t i n g  f r o m  t h e  e n h a n c e d  m a s s  t r a n s f e r  o f  t h e  e l e c t r o a c t i v e  s u b s t a n c e  t o  
t h e  e l e c t r o d e  t h a t  o c c u r s  u n d e r  h y d r o d y n a m i c  c o n d i t i o n s .  A  s t e a d y  s t a t e  i s  a t t a i n e d  
r a t h e r  q u i c k l y  a n d  m e a s u r e m e n t s  c a n  b e  m a d e  w i t h  h i g h  p r e c i s i o n .
O n e  o f  t h e  f a s t e s t  g r o w i n g  u s e s  o f  h y d r o d y n a m i c  v o l t a m m e t r y  i s  e l e c t r o c h e m i c a l  
d e t e c t i o n  f o r  L C  a n d  F I A .  A  r e p r e s e n t a t i o n  o f  a  t y p i c a l  e l e c t r o c h e m i c a l  d e t e c t i o n  
s c h e m e  i s  p r e s e n t e d  i n  F i g u r e  1 . 2 .  F o r  t h e s e  t e c h n i q u e s ,  e l e c t r o c h e m i c a l  d e t e c t o r s  
p o s s e s s  a d v a n t a g e s  o f  s e n s i t i v i t y  a n d  s i m p l i c i t y  o v e r  m a n y  a l t e r n a t i v e  d e v i c e s .  
D e t e c t o r s  i n  s u c h  a p p l i c a t i o n s  m u s t  h a v e  a  s m a l l  i n t e r n a l  v o l u m e ,  s i n c e  t h e  t i m e  
n e e d e d  t o  r e p l a c e  t h e  v o l u m e  o f  t h e  d e t e c t o r  w i t h  f r e s h  s a m p l e  d e t e r m i n e s  t h e  l i m i t  o f  
r e s o l u t i o n  f o r  f l o w  s y s t e m s .  N o r m a l l y  t h e  d e t e c t o r  v o l u m e  f o r  m o n i t o r i n g  
c h r o m a t o g r a p h i c  p e a k s  m u s t  b e  a t  l e a s t  t e n  t i m e s  s m a l l e r  t h a n  t h e  v o l u m e  o f  t h e  
c h r o m a t o g r a p h i c  p e a k  t o  e n s u r e  s a t i s f a c t o r y  r e s o l u t i o n  [ 1 ,  9 ,  1 7 ] ,
L C  w i t h  e l e c t r o c h e m i c a l  d e t e c t i o n  ( L C - E C )  o r  F I A - E C  i s  a n a l o g o u s  t o  e l e c t r o l y s i s  a t  
a  f i x e d  p o i n t  a l o n g  a  f l o w i n g  s t r e a m .  T h e  c a r r i e r  s t r e a m  p a s s e s  t h e  s o l u t e  a n a l y t e s  i n t o  
a n  e l e c t r o c h e m i c a l  c e l l ,  n o r m a l l y  t h i n  l a y e r  ( T L C )  o r  w a l l  j e t  ( W J )  t y p e  c e l l s ,  w h e r e  
t h e  f l o w  i s  c o n s t r a i n e d  t o  a  t h i n  f i l m  p a s s i n g  o v e r  a  p l a n a r  e l e c t r o d e  h e l d  a t  a  f i x e d  
p o t e n t i a l .  I f  t h e  e l e c t r o d e  i s  o p e r a t e d  a t  a  p o t e n t i a l  g r e a t e r  t h a n  t h a t  r e q u i r e d  f o r  t h e  
e l e c t r o l y s i s  o f  t h e  a n a l y t e  b e i n g  d e t e r m i n e d ,  a  m e a s u r a b l e  c h a r g e  p a s s e s  f r o m  t h e  
e l e c t r o d e  t o  t h e  a n a l y t e  o r  v i c e  v e r s a .  U n d e r  a p p r o p r i a t e  c o n d i t i o n s  t h e  r e s u l t i n g  
c u r r e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  s o l u t e  p a s s i n g  t h r o u g h  t h e  c e l l  
[ 1 8 ] .
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1.3 Flow Cells
F o u r  f l o w  g e o m e t r i e s  h a v e  b e e n  d e s c r i b e d  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n  [ 9 ] ,  T h e s e
( i )  t u b u l a r ;
( i i )  p l a n a r  w i t h  p a r a l l e l  f l o w ;
( i i i )  p l a n a r  w i t h  p e r p e n d i c u l a r  f l o w ;
( i v )  w a l l  j  e t  ( f r e e  o r  c o n f i n e d  w a l l  j  e t ) .
O f  t h e s e  f o u r  g e o m e t r i e s ,  d e t e c t o r s  b a s e d  o n  t h e  w a l l  j e t  a n d  t h i n  l a y e r  c o n f i g u r a t i o n s  
h a v e  f o u n d  t h e  w i d e s t  r a n g e  o f  a p p l i c a t i o n s .  T h e  t h i n - l a y e r  d e t e c t o r  ( T L D )  i s  p r o b a b l y  
m o s t  w i d e l y  u s e d  c o n f i g u r a t i o n  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n  i n  L C .  R e c e n t l y  t h e
T L D  h a s  a l s o  b e e n  a p p l i e d  t o  a n o d i c  s t r i p p i n g  v o l t a m m e t r y  ( A S V )  [ 1 9 ] ,
F i g u r e  1 . 3 .  T y p i c a l  t h i n  l a y e r  f l o w  c e l l  d e s i g n .
T h e  r e s p o n s e  o f  t h e  T L D  i s  b a s e d  o n  a  r e s t r i c t e d  c a s e  o f  t h e  f l a t  p l a t e  e l e c t r o d e  w i t h  
p a r a l l e l  f l o w  w h e r e  d e v e l o p m e n t  o f  t h e  b o u n d a r y  l a y e r  i s  c o n s t r a i n e d  b y  t h e  w a l l  
o p p o s i t e  t h e  e l e c t r o d e .  T h e  w i d t h  o f  t h e  c h a n n e l  b e t w e e n  t h e  w o r k i n g  e l e c t r o d e  a n d
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t h e  o p p o s i t e  w a l l  i s  d e p e n d e n t  o n  t h e  t h i c k n e s s  o f  t h e  s p a c e r  u s e d  [ 2 0 ] ,  T h e  d e s i g n  o f  
a  t y p i c a l  t h i n  l a y e r  f l o w  c e l l  i s  s h o w n  i n  F i g u r e  1 . 3 .
F o r  t h e  u n r e s t r i c t e d  c a s e  o f  a  f l a t - p l a t e  e l e c t r o d e  w i t h  p a r a l l e l  f l o w ,  w h e r e  t h e  
s o l u t i o n  v o l u m e  i s  n o t  c o n s t r a i n e d  a n d  t h e  d e v e l o p m e n t  o f  t h e  b o u n d a r y  l a y e r  i s  
u n r e s t r i c t e d ,  b o t h  t h e  b u l k  m o t i o n  a n d  d i f f u s i o n  a r e  i n v o l v e d  i n  t h e  a n a l y t e  f l u x  t o  t h e  
e l e c t r o d e .  F o r  t h e  r e s t r i c t e d  c a s e  o f  t h e  t h i n - l a y e r  d e t e c t o r ,  h o w e v e r ,  o n l y  d i f f u s i o n  
i s  o f  i m p o r t a n c e  i n  d e r i v i n g  t h e  l i m i t i n g  c u r r e n t .
T h e  p r i n c i p l e  o f  t h e  w a l l  j e t  c e l l  w a s  d e f i n e d  b y  G l a u e r t  w h o  d e s c r i b e d  i t  a s  t h e  f l o w  
o f  a  j e t  o f  f l u i d  t h a t  s t r i k e s  a  w a l l  p e r p e n d i c u l a r l y  a n d  f l o w s  r a d i a l l y  o v e r  i t s  s u r f a c e  
[ 2 1 ] .  T h e  c r i t i c a l  r e q u i r e m e n t s  f o r  t h e  d e s i g n  o f  a  f l o w - t h r o u g h  c e l l  t h a t  e n a b l e s  t r u e  
w a l l - j e t  ( W J )  b e h a v i o u r  h a v e  b e e n  d e f i n e d  b y  G u n a s i n g h a m  a n d  F l e e t  [ 2 2 ] ,  A l t h o u g h  
t h e i r  l i m i t i n g - c u r r e n t  e q u a t i o n  d o e s  n o t  i n c l u d e  a  t e r m  t o  e x p r e s s  t h e  s e p a r a t i o n  
b e t w e e n  t h e  i n l e t  n o z z l e  a n d  d i s k  e l e c t r o d e ,  t h e  a s s u m p t i o n  i s  m a d e  t h a t  t h e  j e t  o f  
l i q u i d  e m e r g i n g  f r o m  t h e  i n l e t  d o e s  n o t  b r e a k - u p  b e f o r e  i t  s t r i k e s  t h e  e l e c t r o d e  d i s k .  I n  
g e n e r a l ,  t h e  j e t  h a s  b e e n  s h o w n  t o  r e m a i n  i n t a c t  f o r  u p  t o  1 0  m m  f r o m  t h e  i n l e t  f o r  a  
R e y n o l d s  n u m b e r  o f  7 0 .  H o w e v e r  a t  a  h i g h e r  R e y n o l d s  n u m b e r  t h e  j e t  c a n  b r e a k  u p  
a n d  b e c o m e  t u r b u l e n t  m u c h  c l o s e r  t o  t h e  i n l e t .  D e t e c t o r s  b a s e d  o n  t h e  W J  
c o n f i g u r a t i o n  h a v e  b e e n  w i d e l y  u s e d  i n  p r a c t i c a l  a p p l i c a t i o n s  r a n g i n g  f r o m  L C  
d e t e c t i o n  [ 2 3 - 2 4 ] ,  A S V  [ 2 5 ,  2 6 ]  a n d  c l i n i c a l  a n a l y s i s  [ 2 7 ] ,
1.3.1 Flow Cell Requirements
T h e  s p e c i f i c  r e q u i r e m e n t s  f o r  a n  e l e c t r o c h e m i c a l  d e t e c t o r  v a r y  w i t h  t h e  i n t e n d e d  
a p p l i c a t i o n .  H o w e v e r ,  a  n u m b e r  o f  r e q u i r e m e n t s  g e n e r a l l y  a p p l y  [ 2 8 ] :
( i )  w e l l  d e f i n e d  h y d r o d y n a m i c s ;
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( i i ) l o w  d e a d  v o l u m e ;
( i i i ) h i g h  m a s s - t r a n s f e r  r a t e s ;
( i v ) h i g h  s i g n a l  t o  n o i s e  r a t i o ;
( V ) r o b u s t ,  s i m p l e ,  e a s i l y  m a i n t a i n e d  d e s i g n ;
( v i ) o p t i m i s e d  e l e c t r o d e  p o s i t i o n i n g ;
( v i i ) s t a b l e  r e f e r e n c e  e l e c t r o d e .
1.3.2 Hydrodynamic Characteristics
I n  m a n y  a n a l y t i c a l  a p p l i c a t i o n s  n o t  e n o u g h  c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  h y d r o d y n a m i c  
b e h a v i o u r  o f  t h e  f l o w  c e l l .  N o r m a l l y  t h i s  i s  a c c e p t a b l e  b e c a u s e  i t  i s  n o t  n e c e s s a r y  t o  
h a v e  a  c e l l  g e o m e t r y  t h a t  i s  h y d r o d y n a m i c a l l y  w e l l  d e f i n e d ,  p r o v i d e d  t h e  f l o w  i s  
r e p r o d u c i b l e  a n d  t h e  d e t e c t o r  g i v e s  r e p r o d u c i b l e  r e s u l t s .  F o r  e x a m p l e ,  a l t h o u g h  t h e  
w a l l  j e t  d e t e c t o r  ( W J D )  r e s p o n s e  c a n  v a r y  b e t w e e n  T L  a n d  W J  b e h a v i o u r ,  d e p e n d i n g  
o n  t h e  i n l e t - e l e c t r o d e  s e p a r a t i o n  [ 2 9 ] ,  i t  i s  r e p r o d u c i b l e  a t  a n y  f i x e d  s e p a r a t i o n .  F o r  
t h e  T L D ,  t h e  c u r r e n t  r e s p o n s e  d e p e n d s  o n  t h e  p o s i t i o n  o f  t h e  i n l e t  w i t h  r e s p e c t  t o  t h e  
w o r k i n g  e l e c t r o d e  a n d  t h e  d e g r e e  t o  w h i c h  t h e  f l o w  i s  r e s t r i c t e d  i n  t h e  v i c i n i t y  o f  t h e  
w o r k i n g  e l e c t r o d e .
1.3.3 Dead Volume
D e a d  v o l u m e  h a s  a n  i m p o r t a n t  b e a r i n g  o n  b a n d  s p r e a d i n g  a n d  h e n c e  o n  r e s o l u t i o n ,  
s e n s i t i v i t y  a n d  r e s p o n s e  t i m e  i n  F I A - E C  ( f l o w  i n j e c t i o n  a n a l y s i s  w i t h  e l e c t r o c h e m i c a l  
d e t e c t i o n )  a n d  L C - E C  ( l i q u i d  c h r o m a t o g r a p h y  w i t h  e l e c t r o c h e m i c a l  d e t e c t i o n ) .  
M i n i m i s a t i o n  o r  a v o i d a n c e  o f  b a n d  s p r e a d i n g  i n  L C - E C  d e t e c t i o n  i s  o f  g r e a t  
i m p o r t a n c e ,  w h e r e  t h e r e  i s  a  n e e d  t o  p r e v e n t  o v e r l a p p i n g  a d j a c e n t  c h r o m a t o g r a p h i c  
p e a k s .
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I n  t h e  T L D ,  t h e  g e o m e t r i c  v o l u m e  i s  p u r p o s e l y  c o n s t r i c t e d  t o  a  f e w  m i c r o l i t r e s  s o  t h a t  
m a x i m u m  c o v e r a g e  o f  t h e  e l e c t r o d e  s u r f a c e  a n d  a  h i g h  l i n e a r  f l o w  r a t e  i s  a c h i e v e d  
[ 3 0 ] ,  I n  t h i s  c a s e ,  t h e  d e a d  v o l u m e  i s  e f f e c t i v e l y  t h e  g e o m e t r i c  c e l l  v o l u m e .  F o r  t h e  
W J D ,  h o w e v e r ,  t h e  s o l u t i o n  f r o m  t h e  i n l e t  i m p i n g e s  p e r p e n d i c u l a r l y  o n  t h e  w o r k i n g  
e l e c t r o d e  a n d  s p r e a d s  r a d i a l l y  o v e r  i t s  s u r f a c e .  H e r e ,  t h e  d e a d  v o l u m e  i s  e f f e c t i v e l y  
t h e  b o u n d a r y  l a y e r  a n d  i s  i n d e p e n d e n t  o f  t h e  g e o m e t r i c  c e l l  v o l u m e  [ 2 0 ] ,
1.3.4 Mass Transfer Rate
A  h i g h  m a s s  t r a n s f e r  r a t e  i n  a  f l o w  c e l l  i s  n o r m a l l y  a  d e s i r a b l e  f e a t u r e  a s  i t  e n h a n c e s  t h e  
c u r r e n t  r e s p o n s e .  I n  f l o w i n g  s y s t e m s ,  t h e  m a s s  t r a n s f e r  r a t e  c a n  b e  i n c r e a s e d  b y  
s i m p l y  i n c r e a s i n g  t h e  f l o w  r a t e .  A  c o m p a r i s o n  o f  t h e  r e s p o n s e  o f  d i f f e r e n t  d e t e c t o r s  
h a s  b e e n  m a d e  b y  H a n e k a m p  a n d  c o - w o r k e r s  [ 3 1 ,  3 2 ]  o n  t h e  b a s i s  o f  a  g e n e r a l i s e d  
e q u a t i o n  f o r  t h e  l i m i t i n g  c u r r e n t  i n  t e r m s  o f  t h e  d i m e n s i o n l e s s  R e y n o l d s  n u m b e r  R e  a n d  
S c h m i d t  n u m b e r ,  S c ,  g i v e n  b y :
I = k n F D C * ( S c ) P w ( R e ) a  ( L 6 )
w h e r e  k  i s  a  c o n s t a n t ,  n  i s  t h e  n u m b e r  o f  e l e c t r o n s ,  F  i s  t h e  F a r a d a y  c o n s t a n t  ( 9 6 , 4 8 5  C  
m o l ' 1) ,  D  i s  t h e  d i f f u s i o n  c o e f f i c i e n t  ( c m 2 s ' 1) ,  C *  i s  t h e  b u l k  c o n c e n t r a t i o n  ( m o l  d m ' 3 ) ,  
S c  i s  t h e  S c h m i d t  n u m b e r  ( d i m e n s i o n l e s s ) ,  w  i s  t h e  e l e c t r o d e  d i a m e t e r  ( c m ) ,  R e  i s  t h e  
R e y n o l d s  n u m b e r  ( d i m e n s i o n l e s s )  a n d  a  a n d  P  a r e  n u m e r i c a l  c o n s t a n t s  t h a t  d e p e n d  o n  
t h e  p a r t i c u l a r  c e l l  g e o m e t r y .  A l t h o u g h  t h e  i m p l i c a t i o n  i s  t h a t  t h e  l i m i t i n g  c u r r e n t  
r e s p o n s e  i n c r e a s e s  w i t h  R e  i n  p r a c t i c e ,  i f  R e  i s  t o o  h i g h ,  i t  c o u l d  l e a d  t o  b r e a k - u p  o f  
t h e  f l o w  i n t o  a  t u r b u l e n t  r e g i m e .
I n  F I A - E C  a n d  L C - E C  a n a l y s i s ,  a l t h o u g h  t h e  s o l u t e  p e a k  c u r r e n t  i n c r e a s e s  w i t h  
i n c r e a s i n g  f l o w  r a t e ,  t h e  e l e c t r o l y t i c  e f f i c i e n c y  ( d e f i n e d  b y  t h e  t o t a l  c h a r g e  m e a s u r e d )
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d e c r e a s e s  i n  r e s p o n s e  t o  t h e  d e c r e a s e  i n  t h e  r e s i d e n c e  t i m e  a s  t h e  s o l u t e  b a n d  i s  s w e p t  
t h r o u g h  t h e  d e t e c t o r .  O n  t h e  b a s i s  o f  t h e  w o r k  o f  H a n e k a m p  a n d  c o - w o r k e r s  [ 3 1 ,  3 2 ] ,  
i t  w o u l d  a p p e a r  t h a t  t h e  W J D  h a s  a  g r e a t e r  c u r r e n t  s e n s i t i v i t y  t h a n  t h e  T L D .  E q u a l l y ,  
h o w e v e r ,  i t  i s  m o r e  s e n s i t i v e  t o  f l o w  f l u c t u a t i o n s .
1.4 Electrochemical Instrumentation
1.4.1 Voltammetric Instrumentation
V o l t a m m e t r y  r e q u i r e s  a  w a v e f o r m  g e n e r a t o r  t o  p r o d u c e  a n  e x c i t a t i o n  s i g n a l ,  n o r m a l l y  
a  v o l t a g e  r a m p ,  a  p o t e n t i o s t a t ,  a  c u r r e n t  m e a s u r i n g  d e v i c e  a n d  a  r e a d o u t  d e v i c e .  
B l o c k  d i a g r a m s  f o r  a  v o l t a m m e t r i c  i n s t r u m e n t  a r e  s h o w n  i n  F i g u r e  1 . 4 .
Voltage Ramp 
Generator
F i g u r e  1 . 4 .  B l o c k  d i a g r a m s  f o r  a  v o l t a m m e t r i c  i n s t r u m e n t .  I n  ( a )  t h e  w o r k i n g  
e l e c t r o d e  i s  d i r e c t l y  g r o u n d e d ,  t h e r e b y  r e d u c i n g  e l e c t r i c a l  n o i s e  p i c k - u p .  
C i r c u i t  ( b )  e m p l o y s  a  c u r r e n t - t o - v o l t a g e  c o n v e r t e r .
Computer or x-y recoder
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M o s t  m o d e r n  i n s t r u m e n t a t i o n  i s  a u t o m a t i c a l l y  r e c o r d i n g  a n d  i n c l u d e  r a m p  g e n e r a t o r s  
t h a t  a r e  s y n c h r o n i s e d  w i t h  a n  x - y  r e c o r d e r  o r  a n  a n a l o g  t o  d i g i t a l  c o n v e r t e r  ( A D C ) .  
T h e  u n i t  m a r k e d  “ r a m p  g e n e r a t o r ”  c o n s i s t s  o f  e i t h e r  a n  e l e c t r o n i c  i n t e g r a t o r ,  o r  a  s t e p  
f u n c t i o n  g e n e r a t o r  t h a t  p r o d u c e s  a  s t a i r c a s e  a p p r o x i m a t i o n  t o  a  r a m p .  I n  e i t h e r  c a s e ,  
i t s  o u t p u t  i s  a n  i n c r e a s i n g  v o l t a g e ,  a d j u s t a b l e  i n  b o t h  r a n g e  a n d  s l o p e .  T h e  
p o t e n t i o s t a t  a p p l i e s  t h e  p o t e n t i a l  e x c i t a t i o n  s i g n a l  b e t w e e n  t h e  w o r k i n g  e l e c t r o d e  a n d  
t h e  r e f e r e n c e  e l e c t r o d e  w i t h o u t  a l l o w i n g  c h a r g e  t o  p a s s  t h r o u g h  t h e  r e f e r e n c e  
e l e c t r o d e  ( w h i c h  w o u l d  c h a n g e  i t s  p o t e n t i a l ) .  I n  c i r c u i t  ( a )  t h e  w o r k i n g  e l e c t r o d e  i s  
d i r e c t l y  c o n n e c t e d  t o  g r o u n d  ( a  l o w e r  n o i s e  c o n f i g u r a t i o n )  a n d  t h e  c u r r e n t  i s  m e a s u r e d  
b y  t h e  v o l t a g e  d r o p  a c r o s s  r e s i s t o r  R i  i n  s e r i e s  w i t h  t h e  c o u n t e r  e l e c t r o d e ,  a s  s e n s e d  
b y  t h e  d i f f e r e n t i a l  a m p  2 .  I n  t h e  a l t e r n a t i v e  c i r c u i t  ( b ) ,  t h e  e l e c t r o d e  i s  h e l d  a t  v i r t u a l  
g r o u n d  b y  t h e  a c t i o n  o f  o p - a m p  n o . 4  b u t  t h e  c e l l  c u r r e n t  i s  f o r c e d  t o  f l o w  t h r o u g h  
r e s i s t o r  R.> t o  g i v e  t o  t h e  r e c o r d e r  a  p r o p o r t i o n a t e  o u t p u t  v o l t a g e  [ 1 7 ] ,
V a r i o u s  v o l t a m m e t r i c  i n s t r u m e n t s  a r e  a v a i l a b l e  f r o m  a  n u m b e r  o f  c o m m e r c i a l  s o u r c e s  
r a n g i n g  i n  p r i c e  f r o m  £ 2 , 0 0 0  t o  £ 2 5 , 0 0 0 .  W i t h  c o m p u t e r  c o n t r o l l e d  o r  p r o c e s s o r  
b a s e d  v o l t a m m e t r i c  a n a l y s e r s ,  i t  i s  p o s s i b l e  i n  p r i n c i p l e  t o  a p p l y  a n y  p o t e n t i a l  
w a v e f o r m  t h a t  c a n  b e  d e f i n e d  m a t h e m a t i c a l l y .  S u c h  i n s t r u m e n t s  o f f e r  v a r i o u s  d a t a  
p r o c e s s i n g  o p t i o n s  s u c h  a s  b a c k g r o u n d  s u b t r a c t i o n ,  d i g i t a l  f i l t e r i n g ,  i n t e g r a t i o n ,  
d i f f e r e n t i a t i o n  a n d  m u l t i p l e  v o l t a m m o g r a m  d i s p l a y .  T h e  a c q u i r e d  v o l t a m m o g r a m s  c a n  
b e  d i s p l a y e d  o n  s c r e e n ,  s a v e d  t o  d i s k  o r  s e n t  t o  a  p l o t t e r .  V o l t a m m e t r i c  a n a l y s e r s  
w i t h  a u t o s a m p l e r s  a r e  a l s o  a v a i l a b l e  w h i c h  c a n  g r e a t l y  i m p r o v e  t h e  s p e e d  a n d  p r e c i s i o n  
o f  m e a s u r e m e n t s  [ 5 ] ,
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1.4.2 The Potentiostat
A  c h a r a c t e r i s t i c  o f  m o d e r n  v o l t a m m e t r i c  i n s t r u m e n t a t i o n  i s  p o t e n t i o s t a t i c  c o n t r o l  o f  
t h e  w o r k i n g  e l e c t r o d e  p o t e n t i a l  a c c o m p a n i e d  b y  t h e  m e a s u r e m e n t  o f  t h e  c u r r e n t  a t  t h a t  
e l e c t r o d e .  T h e  p o t e n t i o s t a t  m u s t  p e r f o r m  t h e s e  t w o  f u n c t i o n s  w i t h  e l e c t r o d e s  o f  
v a r y i n g  c o n d u c t i v i t y .  T h e  p o t e n t i a l  m a y  b e  p u l s e d  v e r y  r a p i d l y  o r  s c a n n e d  v e r y  s l o w l y ,  
a n d  t h e  r e s u l t i n g  c e l l  c u r r e n t  m a y  b e  e x t r e m e l y  h i g h  o r  l o w .  T h e  p o t e n t i o s t a t  h a s  t h e  
c a p a b i l i t y  t o  m a i n t a i n  a  s e t  p o t e n t i a l  t o  w i t h i n  a n  a c c u r a c y  o f  a  f e w  m i l l i v o l t s  w h i l e  
o n l y  c a u s i n g  a  m i n i m a l  c u r r e n t  o f  t h e  o r d e r  o f  a  f e w  p i c o a m p s  t o  b e  d r a w n  t h r o u g h  t h e  
r e f e r e n c e  e l e c t r o d e .  I t  a l s o  h a s  a  v e r y  r a p i d  r e s p o n s e  t i m e ,  t y p i c a l l y  o f  t h e  o r d e r  o f  a  
f e w  m i c r o s e c o n d s ,  w h e n  d r i v i n g  a  r e s i s t i v e  l o a d  [ 1 ] ,
E a r l y  d e s i g n s  o f  d i r e c t  c u r r e n t  ( D C )  p o l a r o g r a p h s  u s e d  a  m o t o r  d r i v e n  p o t e n t i o m e t e r  
t o  a p p l y  t h e  w o r k i n g  p o t e n t i a l  t o  a  t w o - e l e c t r o d e  c e l l .  B y  u s i n g  a  l a r g e  a r e a  r e f e r e n c e  
a n o d e  s u c h  a s  a  m e r c u r y  p o o l ,  t h e  r e f e r e n c e  e l e c t r o d e  p o t e n t i a l  r e m a i n e d  e s s e n t i a l l y  
c o n s t a n t  w h i l e  t h e  w o r k i n g  e l e c t r o d e  w a s  p o l a r i s e d .  I n  t h i s  a r r a n g e m e n t  t h e  p o l a r i s i n g  
p o t e n t i a l  w a s  a p p l i e d  t o  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e  ( D M E )  t h r o u g h  t h e  r e f e r e n c e  
e l e c t r o d e  a n d  a c r o s s  t h e  c e l l .  T h e  o v e r a l l  c e l l  p o t e n t i a l  c o u l d  b e  d e f i n e d  a s :
E-cell= ^working ‘ ^reference " (1-7)
w h e r e  t h e  i R  t e r m ,  k n o w n  a s  t h e  o h m i c  d r o p ,  i s  t h e  p o t e n t i a l  r e q u i r e d  t o  o v e r c o m e  
t h e  r e s i s t a n c e  o f  t h e  e x p e r i m e n t a l  s y s t e m ,  m a i n l y  o f  t h e  c e l l .  A t  l o w  c u r r e n t  l e v e l s  i n  
h i g h l y  c o n d u c t i n g  m e d i a ,  t h i s  s y s t e m  w o r k s  w e l l .  U n f o r t u n a t e l y ,  a t  h i g h e r  c u r r e n t  
l e v e l s ,  i t  i s  p o s s i b l e  t o  p o l a r i s e  t h e  r e f e r e n c e  e l e c t r o d e .  A  f u r t h e r  c o m p l i c a t i o n  i s  t h a t  
i n  p o o r l y  c o n d u c t i n g  m e d i a  s u c h  a s  o r g a n i c  s o l v e n t s ,  t h e  r e s i s t a n c e  a c r o s s  t h e  c e l l  i s  
i n c l u d e d  i n  t h e  m e a s u r e m e n t s  a n d  c a u s e s  d i s t o r t i o n  o f  t h e  v o l t a m m o g r a m .  T h e  f i r s t
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s o l u t i o n  t o  t h i s  p r o b l e m  w a s  t h e  d e v e l o p m e n t  o f  t h e  t h r e e  e l e c t r o d e  m a n u a l  
p o t e n t i o s t a t .  I n  t h i s  s y s t e m  t h e  c e l l  v o l t a g e  w a s  a p p l i e d  b e t w e e n  t h e  w o r k i n g  a n d  
r e f e r e n c e  e l e c t r o d e s ,  w h i l e  t h e  t r u e  w o r k i n g  p o t e n t i a l  w a s  m e a s u r e d  ( w i t h  a  s e c o n d  
r e f e r e n c e  e l e c t r o d e )  i n  a  s e p a r a t e  c i r c u i t  w i t h  a  h i g h  i m p e d a n c e  v o l t a m m e t e r .  T h i s  
d e v i c e  p r o v i d e d  a  m e a n s  f o r  c o n t r o l l i n g  t h e  p o t e n t i a l  b e t w e e n  t h e  e l e c t r o d e s ,  b u t  h a d  
t h e  s e r i o u s  d i s a d v a n t a g e  t h a t  i t  r e q u i r e d  c o n s t a n t  a d j u s t m e n t  o f  t h e  c o n t r o l  v o l t a g e  
d u r i n g  t h e  m e a s u r e m e n t  o f  a  p o l a r o g r a m .  A  s c h e m a t i c  o f  a  t y p i c a l  m o d e r n  e l e c t r o n i c  
p o t e n t i o s t a t  i s  s h o w n  i n  F i g u r e  1 . 5 .  O p e r a t i o n a l  a m p l i f i e r  ( o p - a m p )  1 i s  t h e  c o n t r o l  
a m p l i f i e r  w h i c h  s u p p l i e s  t h e  i n p u t  s i g n a l  ( D C  l e v e l ,  v o l t a g e  r a m p  e t c . )  t o  t h e  c e l l .  O p -  
a m p  2  i s  a  h i g h  i m p e d a n c e ,  u n i t y  g a i n ,  n o n - i n v e r t i n g  v o l t a g e  f o l l o w e r ,  w h i l e  o p - a m p  
3  i s  a  v a r i a b l e  g a i n  c u r r e n t  f o l l o w e r  w h i c h  s e r v e s  t o  m a i n t a i n  t h e  w o r k i n g  e l e c t r o d e
F i g u r e  1 . 5  S c h e m a t i c  c i r c u i t  f o r  a  t h r e e - e l e c t r o d e  p o t e n t i o s t a t .
a t  z e r o  v o l t s  ( v i r t u a l  g r o u n d )  a n d  p r o v i d e  a n  o u t p u t  p r o p o r t i o n a l  t o  t h e  p o l a r o g r a p h i c  
c u r r e n t .  T h e  o p e r a t i o n  o f  t h i s  c i r c u i t  c a n  b e  b e s t  v i s u a l i s e d  r e a l i s i n g  t h a t  a n  
o p e r a t i o n a l  a m p l i f i e r  r e a c t s  i n  a  m a n n e r  r e q u i r e d  t o  m a i n t a i n  z e r o  p o t e n t i a l  d i f f e r e n c e  
b e t w e e n  i t s  i n p u t s .  T h e  s t a b l e  c o n d i t i o n  f o r  t h e  l o o p  c o n t a i n i n g  o p - a m p s  1 a n d  2  i s
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w h e n  t h e  o u t p u t  f r o m  o p - a m p  2  i s  e q a a l  i n  m a g n i t u d e  b u t  o p p o s i t e  i n  p o l a r i t y  t o  t h e  
s u m  o f  t h e  i n p u t  v o l t a g e s .  T h i s  m e a n s  t h a t  t h e  v o l t a g e  a t  p o i n t  S  ( t h e  s u m m i n g  
j u n c t i o n )  w i l l  a l w a y s  b e  a t  z e r o  v o l t s .  T h u s ,  t h e  v o l t a g e  m e a s u r e d  a t  p o i n t  C  s h o u l d  
a l w a y s  b e  t h e  s a m e  a s  t h a t  a p p l i e d  t o  p o i n t  S ,  a n d  i f  m o m e n t a r i l y  i t  i s  n o t ,  t h e  v o l t a g e  
a t  p o i n t  B  w i l l  a u t o m a t i c a l l y  i n c r e a s e  t o  m a i n t a i n  p o i n t  C  e q u a l  t o  p o i n t  S .
A l t h o u g h  t h e  p o t e n t i o s t a t  m u s t  c o n t r o l  t h e  p o t e n t i a l  a t  t h e  w o r k i n g  e l e c t r o d e  s u r f a c e ,  
t h e  p o t e n t i a l  i s  a c t u a l l y  m e a s u r e d  a t  t h e  r e f e r e n c e  e l e c t r o d e .  T h e  t h r e e - e l e c t r o d e  
p o t e n t i o s t a t  a u t o m a t i c a l l y  c o m p e n s a t e s  f o r  t h e  r e s i s t a n c e  o f  t h e  s o l u t i o n  b e t w e e n  t h e  
c o u n t e r  a n d  r e f e r e n c e  e l e c t r o d e s .  T h i s  m a k e s  i t  p o s s i b l e  t o  u s e  n o n - a q u e o u s  s o l v e n t s  
o f  h i g h  r e s i s t a n c e  a n d  q u i t e  d i l u t e  a q u e o u s  e l e c t r o l y t e s .  D i s t o r t i o n  o f  t h e  w a v e  s h a p e  
a n d  s l o p e  o f  t h e  c u r r e n t - v o l t a g e  s i g n a l  i s  m u c h  l e s s  p r o n o u n c e d ,  i f  n o t  e n t i r e l y  
e l i m i n a t e d .  F o r  e x t r e m e l y  s m a l l  e l e c t r o d e s  ( u l t r a m i c r o e l e c t r o d e s )  a n d  e x t r e m e l y  s m a l l  
c u r r e n t s ,  a  t w o - e l e c t r o d e  c e l l  o f t e n  s u f f i c e s  [ 1 ,  8 ,  1 1 ] ,
T h e  o p e r a t i o n a l  a m p l i f i e r  ( o p - a m p )  c i r c u i t  i s  t h e  b a s i c  c o m p o n e n t  o f  m o s t  a n a l o g  
s i g n a l  m o d i f i e r s .  T h e  f i r s t  o p - a m p  c i r c u i t s  w e r e  c o m p o s e d  o f  v a c u u m  t u b e  a m p l i f i e r s  
a n d  o t h e r  n e c e s s a r y  e l e m e n t s  s u c h  a s  d i o d e s ,  r e s i s t o r s  a n d  c a p a c i t o r s .  D i s c r e t e  
t r a n s i s t o r s  l a t e r  r e p l a c e d  v a c u u m  t u b e s ,  a n d  f i n a l l y  e n t i r e  o p e r a t i o n a l  a m p l i f i e r  c i r c u i t s  
b e c a m e  a v a i l a b l e  a s  I C  ( i n t e g r a t e d  c i r c u i t )  c h i p s .  A b o u t  o n e - t h i r d  o f  a l l  I C ' s  a r e  o p -  
a m p s .  M o r e  t h a n  2 0 0 0  t y p e s  a r e  c o m m e r c i a l l y  a v a i l a b l e .  A n  I C  o p - a m p  c o n s u m e s  
l i t t l e  p o w e r  a n d  o p e r a t e s  a t  r e l a t i v e l y  l o w  v o l t a g e s  ( u s u a l l y  1 0  t o  1 5  V )  w i t h  p o w e r  
s u p p l i e s  t h a t  n e e d  n o t  b e  h i g h l y  r e g u l a t e d .  T h e  I C  o p - a m p s  h a v e  v e r y  l o w  d r i f t  w i t h  
b o t h  t e m p e r a t u r e  a n d  t i m e ,  a n d  c a n  w i t h s t a n d  s h o r t  c i r c u i t s  o n  t h e  o u t p u t  w i t h o u t  
d a m a g e  [ 3 3 ] ,
18
T h e  b i p o t e n t i o s t a t  c o n f i g u r a t i o n  i s  u t i l i s e d  f o r  s i m u l t a n e o u s  c o n t r o l  o f  t w o  w o r k i n g  
e l e c t r o d e s .  S u c h  i n s t r u m e n t s  c o n s i s t  o f  a  c o n v e n t i o n a l  p o t e n t i o s t a t  w i t h  a  s e c o n d  
v o l t a g e - c o n t r o l  c i r c u i t .  T h e  b a s i c  c i r c u i t  i s  o u t l i n e d  i n  F i g u r e  1 . 6 .  O n e  e l e c t r o d e  i s  
c o n t r o l l e d  i n  t h e  s a m e  m a n n e r  a s  t h e  s i g n a l  c h a n n e l  p o t e n t i o s t a t .  T h e  c i r c u i t r y
r e s p o n s i b l e  f o r  t h i s  f u n c t i o n  i s  s h o w n  i n  t h e  t o p  h a l f  o f  t h e  f i g u r e .
1.4.3 The Bi-Potentiostat
CE/RE Circuit
F i g u r e  1 . 6 .  S c h e m a t i c  c i r c u i t  f o r  a  b i - p o t e n t i o s t a t .
T h e  s e c o n d  e l e c t r o d e  i s  c o n t r o l l e d  b y  a  c u r r e n t  f o l l o w e r  ( o p - a m p  5 )  w i t h  a  s u m m i n g  
p o i n t  h e l d  a w a y  f r o m  g r o u n d  b y  s o m e  v o l t a g e  d i f f e r e n c e  A E ,  b e c a u s e  i t s  n o n - i n v e r t i n g  
i n p u t  i s  a w a y  f r o m  g r o u n d  b y  A E .  T h i s  c i r c u i t  h a s  t h e  e f f e c t  o f  u s i n g  t h e  f i r s t  e l e c t r o d e  
a s  a  r e f e r e n c e  p o i n t  f o r  t h e  s e c o n d .  T h e  f i r s t  e l e c t r o d e  c a n  b e  s e t  a t  a n y  d e s i r e d  
p o t e n t i a l ,  E }  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e ,  t h e n  t h e  s e c o n d  w o r k i n g  e l e c t r o d e  i s  o f f s e t  
w i t h  r e s p e c t  t o  t h e  f i r s t  b y  A E  =  E 2- E ]  w h e r e  E 2 i s  t h e  p o t e n t i a l  o f  t h e  s e c o n d
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electrode with respect to the reference. The counter electrode passes the sum o f  the 
current qand ij. The remaining op-amps (6 and 7) serve as zero-shifting stages.
Their function is to supply the desired potential E2 without concern for the value o f  
E ], This feature is important when E j and E 2 are to be varied independently with 
time. Op-amps 1-3 are used in the standard feedback loop configuration for the 
counter and reference electrodes [10, 34, 35],
1.4.4 Multichannel Potentiostats
The construction o f  electrochemical measurements whereby a number o f  working 
electrodes are controlled and monitored simultaneously was the next obvious 
development o f  the single channel potentiostat and bipotentiostat. Two main 
approaches have been adopted in the development o f  multichannel electrochemical 
detection systems (more than two independently controlled working electrodes) based 
on the tw o types o f  electrochemical detectors, namely coulometric and amperometric. 
O f these tw o approaches, the development o f  amperometric arrays appears at present 
to offer the best possibilities in the development o f  functional array detection systems 
for LC and FIA.
1.4.4.1 C oulom etric Arrays
Coulometric detection is based on the principle o f  complete oxidation or reduction o f  
an analyte at a large surface area working electrode. The response is therefore mass 
dependent. Coulometric measurements are advantageous for a number o f  reasons; 
namely the measurement is absolute, sensitive, accurate and precise. Provided that all 
the substance present is allowed to react at the working electrode and that the
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electrode reaction proceeds at 100% current efficiency, the electric charge passed Q, 
is related to the amount o f  the electroactive substance N, according to Faraday’s laws. 
Coulometric cells can be used to advantage for electrochemical derivative-formation in 
flowing liquids: a substance that would be difficult to detect is quantitatively oxidised  
or reduced at a generating electrode with the formation o f  a suitable product that is 
then detected electrochemically at an indicator electrode [36, 38], However, with 
conventional LC columns, commerical coulometric detectors have limited application, 
as the requirement o f  complete electrolysis necessitates a large working electrode area 
and the mobile phase flow-rate must be very low. It is therefore difficult to maintain a 
sufficiently small effective volume in the detector and attain flow-rates optimal from 









Figure 1.7. Coulometric array configuration
The design o f  coulometric arrays is based on conventional technology; therefore each 
working electrode requires its own reference and counter electrodes. A  schematic for 
a coulometric array is presented in Figure 1.7. The detection system consists o f  a
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serial array o f  coulometric electrodes set at incrementally higher voltages. Compounds 
are detected at certain electrodes depending on their individual oxidation potentials, 
and once fully oxidised are ‘invisible’ to electrodes further up the array. The cells are 
monitored with banks o f  single or dual channel low  noise potentiostats. As a result 
these instruments tend to be rather large and cumbersome. A  number o f  publications 
have described the application o f  coulometric array detectors to LC systems. Systems 
containing up to 15 working electrodes have been reported [37], A  coulometric array 
instrument for applications with LC is commercially available from E SA  Analytical Ltd 
(UK) [38],
1.4.4.2 M ultichannel Potentiostats w ith A m perom etric Arrays
The use o f  amperometric arrays with multichannel potentiostats has been area o f  
promising development over the last number o f  years. Two principle hardware 
variations have been used in the design and construction o f  these systems. One trend 
has been the use o f  a configurations based on an extension o f  the conventional bi- 
potentiostat. Such a design has been utilised by both Matsue and Fielden in the 
construction o f  their multichannel potentiostats for applications with LC and FIA [39, 
40], A  schematic o f  the design utilised by Matsue and co-workers is shown in Figure
1. 8 .
Their design was based on the use o f  analog circuits to control functions such as 
working electrode polarisation and signal amplification. A  resistor ladder was used to  
divide an input voltage into 16 evenly spaced potentials which were applied via a 





Figure 1.8. Multichannel potentiostat used by Matsue and co-workers (taken from 
reference [39]).
The array was produced by photolithography. The analog control circuits for each 
channel, except for channel 1, consisted o f  a 3 op-amp arrangement. Op-amp 1 was 
used as a voltage follower, while op-amp 2 served a two-fold purpose; firstly to 
polarise the working electrode at the input potential, and secondly to monitor, convert 
and amplify any changes in current to voltage at the electrode surface due to any redox 
processes taking place.
Op-amp 3 was utilised in a differential configuration to subtract the applied 
polarisation potential from the signal output from op-amp 2. The signal sampled 
therefore by the A/D converter was solely from any response at the working electrode. 
Common reference and counter electrodes were used in a standard feedback loop and
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were held at a constant potential. Therefore the difference in potential between the 
working electrodes and the counter electrode potential was used. The 16 responses 
from the current-to-voltage converters in the multichannel potentiostat were drawn 
into two-channel multiplexers, with the resulting tw o sets o f  eight signals being 
digitised successively by an eight-channel analog-to-digital (12-bit) converter system. 
The instrumentation functions were controlled with via an interface card and PC. N o 
hardware facilities for background current offsetting w ere incorporated into the design. 
The necessary background corrections were achieved by subtraction o f  the background 
voltammogram obtained prior to sample injection
A variation o f this basic design has been used by Fielden and McCreedy when 
constructing their multi-electrode potentiostat [40], A schematic o f  their design is 
presented in Figure 1.9.
F igure 1.9. Schematic o f  multi-electrode potentiostat (from Fielden and M cCreedy in 
reference [40]).
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Each channel was provided with its own current follower which polarised the working 
electrode via a 12-bit DAC. Multiplexed analog to digital conversion was used to 
monitor the outputs o f  each channel. The potentiostat used a single reference and 
counter electrode. The reference electrode was maintained at virtual ground by the 
action o f  the counter electrode responding to the current demands o f  the array. Each 
working electrode was polarised relative to  the reference electrode so that the actual 
applied potential to working electrode is used rather than a difference potential. Fixed 
value resistors were used with the current followers which limited the operating range 






Figure 1.10. DAC control circuit for independent electrode polarisation and current 
offsetting.
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A  fundamental feature o f  a multichannel potentiostat is that each working electrode in 
the array must function independently, with no electronic cross-talk between the 
channels. Such a requirement has resulted in the use o f  dedicated dual channel D A C ’s 
for each channel o f  the potentiostat to control both the electrode polarisation and 
current offsetting functions. A typical DAC control circuit is shown in Figure 1.10.
The multichannel potentiostat constructed by Hoogvliet et al. [41] was based on the 
use o f  a dedicated dual channel DAC (AD 7547) for each channel o f  the potentiostat. 
The DAC for each channel was selected via a 4-16 decoder. The DAC's were 
responsible for background current offsetting (± 0.2 (.lA, resolution ca. 50 pA) and 
working electrode polarisation. The principle o f maintaining the reference electrode at 
system ground as described by Fielden et al. [40] was applied. Software selectable 
sensitivity between 1 mA and 1 nA (7 decades) was available which allowed current 
measurements in the 1 mA to  1 nA range. An analog low-pass (third order Bessel) 
filter with a cut-off frequency o f  3.2 Hz was incorporated into each channel for noise 
reduction. An IBM -AT personal computer was used for data acquisition and control 
o f  the multipotentiostat via a Burr-Brown PCI-2000 interface. Software for 
instrumental control, data acquisition, storage, display and data processing was 
written in Turbo Pascal v 5.0.
1.4.5 Limitations of Potentiostats
The following characteristics are important factors influencing the limitations o f  
modern potentiostats and electrochemical detection systems.
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Amplifier characteristics have an important influence on the accuracy o f  the 
potentiostat circuit and its stability. Unfortunately, op-amps are not ideal devices; 
therefore the output does not respond instantly to  any change in response at the inputs. 
One problem is the dependence o f the open loop gain on frequency. A common 
method o f  presenting performance characteristics o f op-amps is by means o f  a plot o f 
l o g i o  (gain) vs. logio (frequency), often referred to as a Bode plot. An example o f  this 
type o f plot is given in Figure 1.11.
(i) The response tim e and instability o f potentiostats
Log io Frequency
Figure 1.11. Bode plot o f l o g i o  frequency vs. l o g i o  amplification for a 
typical op-amp.
The roll-off frequency (the same as a simple RC low-pass filter) determines the time 
constant for the potentiostat, Ti, through the relationship:
fo
where fi = — , As is the static gain and fQ is the frequency o f unity gain. From these
As
equations it can be seen that Ti can be minimised by using a fast op-amp (high fD) or by 
using an op-amp with a small open loop gain. As a large open gain is required for
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good accuracy a compromise must be reached between high accuracy and fast 
response. Careful consideration must be given to the choice o f op-amp. Op-amps 
without internal compensation may afford more satisfactory performance in some 
situations. The electrochemical cell itself will also have a time constant T2 given in the 
simplest case by R«Cdi, where Re is the electrolyte resistance between the counter 
electrode and the working electrode and C<n is the double layer capacitance. Re can be 
reduced by avoiding frits, porous plugs, increasing the conductivity o f  electrolyte or 
decreasing the electrode separation. Cai can be reduced by using spherical electrodes 
o f small area. It may be possible to effectively eliminate the potentiostat time constant 
( ti)  and by careful cell design to minimise X2.
The stability o f the control circuit relies on negative feedback to the inverting input. A 
typical equivalent circuit for an electrochemical cell is shown in Figure 1.12.
C E
W E
Figure 1.12. Equivalent circuit for an electrochemical cell. Rref is the resistance o f  the 
reference electrode and Cref represents the loss to  ground in the cell leads. 
Rs and Ru are the solution and uncompensated resistance respectively, Cai 
the double layer capacitance o f  the working electrode and R^ the charging 
current.
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I f  the response o f  the potentiostat or the impedance o f  the cell elements in the 
feedback loop introduce phase shifts in excess o f  180°, then the signal that is fed back 
no longer limits the gain but will reinforce the output resulting in instability or 
oscillation o f the output. The control op-amp introduces a 90° phase shift for 
frequencies higher than the roll-off frequency (typically 100 Hz) and an extra 90° can 
be easily generated in an electrochemical cell.
While little can be done to reduce phase shifts in the cell any reduction in the time 
constant Rref Cref will be advantageous. Cref may be due to excessive capacitance to 
ground, especially if leads to the cell have grounded shields and are unduly long. A 
better arrangement uses a driven shield maintained at the reference potential [8, 10,
(ii) O u tp u t D rive
To avoid non-linear effects, the demands on the potentiostat must not exceed its 
capabilities in terms o f  output voltage, current and slew rate. The maximum output 
voltage is usually limited by the value o f  the power supply rail to the device. I f  the 
output current is not sufficient for the purpose intended, a current amplifier can be 
used to  boost the output up to the required level o f  magnitude. Non-steady state 
methods (e.g. linear sweep voltammetry) demand large currents over very short time
42],
Shielded Cable
F igure 1.13. Driven shielding
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periods to change the double layer capacitance which may not be satisfied by some 
potentiostat designs [10, 42],
(iii) Static accuracy
The accuracy o f  an op-amp can be described by the equation:
V o Ei
SV  = — H h drift +  noise (1.9)
A  M
where Ei is the input reference potential, A  is the amplification, VQ is the voltage 
output and M  is the common mode rejection ratio. For ±  1 mV accuracy both M  and 
A should be o f the order o f  104-105 or larger. The static error signal is often referred 
to as the input offset voltage. The inclusion o f  small potentiometers in the design o f 
the potentiostat circuit allows balancing (trimming) o f this signal. This is, however, 
limited by the drift o f  the offset voltage with time, which can be up to  1 mV/day thus 
limiting the accuracy o f  any measurements. Chopper stabilised amplifiers can be 
obtained with a stability o f  0.1 (iV/day where very high accuracy measurements are 
required.
(iv) iR Compensation
The usefulness o f  many electrochemical data depends on the precision and accuracy o f 
potential control. Eliminating the effect o f  solution resistance in electrochemical 
measurements is very important and much effort has been spent on this problem. Not 
all the iR drop is removed by the potentiostatic control. Some fraction, called iRj 
(where Ru is the uncompensated solution resistance between the reference and working 
electrodes), will still be included in the measurement potential. This component may
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be significantly large when resistive non-aqueous media are used and can lead to  severe 
distortion o f  the voltammetric response. Many modern instruments, however, 
automatically subtract (compensate) the iRu drop from the potential signal given to the 
potentiostat via an appropriate positive feedback. A  typical circuit for a potentiostat 
employing positive feedback is shown in Figure 1.14. This circuitry is now  widely 
used because it is compatible with the fastest experimental methods.
F igure  1.14. Potentiostat with feedback control for the compensation o f  R*,.
Several other approaches have been taken to overcome this limitation, including 
improved cell design, numerical data correction after the experiment if  R„ is known 
and electronic iR elimination. Better results can often be obtained by using a 
combination o f  these approaches. With the use o f electronic methods, careful design 
o f  the potentiostat is very helpful. The current interruption potentiostat and the digital 
potentiostat were designed so that the sensing o f the potential between the working 
electrode and reference electrode is accomplished when no current passes through the 
electrochemical cell. The potential control is thus free o f  iR error [43],
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(v) Electrode Arrays
Ideal behaviour o f  a multielectrode detector would include an equivalent response 
(signal, noise and background) o f  all channels when the working are electrodes set at 
the same potential, no cross-talk between the individual channels and signal-to-noise 
ratios comparable with conventional single-electrode amperometric detectors. 
Equality o f  the responses is determined by the hydrodynamic and mass-transfer 
characteristics o f  the cell, by electrode and cell geometry, by electrode kinetics and by 
proper configuration and adjustment o f  the electronics in the potentiostat. Careful 
design allows optimisation o f  all these parameters except that o f  the electrode response 
characteristics [41]. A  fundamental feature o f  amperometric array detection systems is 
the ability to  fabricate arrays with near identical surface areas and kinetics. This is 
impossible to achieve using standard electrode fabrication technology. Arrays which 
have been constructed using conventional fabrication technology must have their 
response characteristics normalised to compensate for individual discrepancies using 
software normalisation procedures. However, these procedures are limited in their 
effectiveness, and in some cases can add to  the differences in response rather than 
reducing them when large potential windows are used.
A second approach in the fabrication o f  arrays has been the use o f  photolithography. 
Both linear and radial arrays o f  electrode arrays have been produced using this 
technique [39, 44], These arrays generally display a high degree o f  reproducibility and 
large numbers o f  arrays can be produced simultaneously. However these arrays have a 
limited working life due to  poor mechanical characteristics. A limitation o f 
photolithography is the inability to  use glass carbon as an electrode material. Glassy 
carbon is material o f  choice for most electrochemical experiments. Only metals which
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maybe deposited on the copper tracks such as gold and platinum can be used for the 
working electrodes. Continued development o f  multiple electrode systems is therefore 
dependent on the ability to produce stable, reliable and reproducible arrays.
1.5 Electrochemical Detection in Flowing Solutions
Developments in the area o f  electrochemical detection systems in recent years have 
focused on a number o f  areas. Both eoulometric and amperometric arrays have been 
successfully applied to applications with LC and FIA [36, 40], The use o f  fast scan 
techniques such as square wave voltammetry has also emerged in recent years for 
applications with LC\FIA [45], These new detection systems all rely heavily on the use 
o f  computers for waveform generation and data interpretation. Implementation o f 
these techniques without the use o f  a computer is practically impossible.
The most common mode o f  amperometric detection to date has been with a single 
working electrode maintained at a constant potential. However, this approach gives 
two dimensional information on the electrochemical properties o f  the species being 
detected; namely a particular current value at a fixed potential as a function o f  time, 
which gives the user no confirmation as to whether peaks are arising from one or more 
electroactive species. On the other hand, an extra measurement dimension can provide 
additional information regarding the number o f  components contributing to  a signal. 
This has already been very successfully exploited via spectroscopic detectors such as 
the photodiode array detector [46] and excitation-emission fluorescence detectors [47] 
in LC. Recently, much attention has been focused on electrochemical flow-through 
voltammetric detection in order to  obtain three-dimensional information (time,
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potential and current). This method usually requires a rapid potential scan to  detect 
species flowing in and out o f the detector, resulting in increases in the background 
signal due to charging current and also in distortion o f the voltammetric shape. To 
overcome this problem several techniques have been reported including staircase 
voltammetry [48], normal pulse voltammetry [49] and differential pulse [25] 
techniques. However, the detection limits obtained are 2 to  3 orders o f  magnitude 
higher than those obtained by conventional amperometric detection systems.
1.5.1 LC with Electrochemical Detection
Liquid chromatography with electrochemical detection has become a popular 
technique for trace organic analysis because o f  its ease o f  use, high sensitivity and 
excellent selectivity. A wide spectrum o f applications with electrochemical detectors 
have been reported in the literature. These include a variety o f  compounds at trace 
levels such as pesticides, aromatic amines, phenolic compounds and neurotransmitters 
[48, 50-53],
The application o f  tw o independently controlled working electrodes in a thin layer flow 
cell have been reviewed by Roston and Kissinger [54], These dual electrode 
arrangements are based on the thin layer single working electrode cells that incorporate 
downstream reference and counter electrodes. The dual electrode detector offers 
additional selectivity compared to a single electrode detector. In the first configuration 
the working electrodes were placed parallel to the flowing stream with each electrode 
being held at different potentials. The tw o simultaneous chromatograms could then be 
ratioed for peak confirmation. The working electrodes were arranged in series in the 
second configuration. The upstream working electrode generates an electroactive
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product which is detected at the second electrode. The series arrangement limits the 
number o f  electroactive compounds that can be detected because only those 
electroactive products that are stable in the time required to  reach the working 
electrode are detected [1, 55],
A dual electrode detector for liquid chromatography, with enhanced capabilities 
designed to  obtained a three-dimensional data array o f  current responses as a function 
o f  both time and potential, has been described by Lunte et al. [56], By displaying the 
entire voltammogram it allowed post-run choice o f  the optimal detection potential with 
a single fixed potential electrode. Voltammetric detection o f  10 to  100 pmol injected 
o f  gentisic acid and caffeic acid were possible. The voltammetric data also provide a 
second method o f  peak identification for greater certainty in peak assignments. 
Waveform generation and data acquisition and analysis w ere controlled by a Zenith 
158 personal computer which interfaced with an ADALAB-PC interface card. The 
utilisation o f  a dual-electrode detector in a series configuration for the detection o f 
phenolic compounds in commercial beverages and the determination o f  metabolites o f 
the analgesic acetaminophen in urine was reported by Roston et al. [55], The 
upstream working electrode was used to oxidise the compounds o f  interest which were 
then detected by reduction at the downstream working electrode. The use o f  redox 
cycling allows improvements in selectivity, peak identification and high detection 
limits at extreme potentials.
The use o f  a dual electrode arrangement to detect thiols and disulphides has been 
reported by Allison and Shoup [57], The thiols and disulphides were determined 
simultaneously by using thin-layer dual mercury amalgam electrodes in a series 
configuration coupled to  a LC. After chromatographic separation o f  the sample,
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disulphides were first converted to  their corresponding thiols at the upstream electrode 
(-1.0 V vs. Ag/AgCl). Both the thiols and disulphides were then detected as thiols 
downstream at +0.15 V  via their catalytic oxidation o f  the mercury surface. The 
application o f  this method to the determination o f  phenols in environmental samples 
which have been chromatographically separated by LC was described by Shoup and 
Mayer [58],
1.5.2 Scanning Techniques
An increasingly popular voltammetric technique is square wave voltammetry, which 
combines the advantages o f  a pulse waveform which minimises interferences from non- 
faradaic current with a fast scan rate. Standard square waves frequencies are in the 
region o f  200 Hz with a step height o f  10 mV resulting in a scan rate o f  2 V  s'1. The 
technique demonstrates excellent rejection o f  background currents. Therefore the 
square wave net current is insensitive to  currents arising from convective mass 
transport as long as the characteristic time o f that transport is large in comparison with 
the voltammetric pulse width. This is advantageous in LC were the net square wave 
signal is relatively insensitive to fluctuations in flow rate. An additional o f the fast scan 
voltammetry is the ability to determine changes in the voltammetric response with time 
non-destructively. This includes the mode o f  sample presentation as in FIA  and LC. 
Osteryoung and co-workers using square wave voltammetry with LC, were able to 
obtain three dimensional definition o f  chromatographic peaks [45], The unavailability 
o f  a stand-alone instrument and the inherent complexity o f  the technique have hindered 
the wide spread use o f this technique.
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The use o f fast cyclic voltammetry to perform fast i-E scans with FIA  has also been 
reported in the literature. The information collected by the system could be presented 
in a number o f  formats. First, x-y recordings as in cyclic voltammetry could be 
presented as i-E recordings or derivative recordings; secondly, x-t plots could be 
recorded. The system has possible applications in both qualitative and quantitative 
analysis through utilisation o f  the half-wave potential o f  the voltammetric process [59].
1.5.3 Multielectrode Techniques
Fabrication o f  single and multiple electrode arrays by photolithography has been 
reported in literature for the last number o f  years. These arrays are often fabricated as 
interdigitated microelectrode arrays which usually consists o f rectangular active 
elements separated by narrow gaps and with alternating elements held at different 
potentials. The fabrication o f  a radial array by photolithography for use in a wall je t 
flow cell has recently been reported [44], Early applications o f  these arrays with single 
channel potentiostats were reported [60-64], M atsue and co-workers reported the 
electrochemical characterisation o f  two microarray electrodes, an interdigitated 
microarray electrode (IDAE) and a single potential microarray electrode (SAE), in 
flowing streams. A  comparison between the IDAE and a dual-series rectangular 
electrode with the same area demonstrated a current amplification o f  current responses 
by a factor o f  2.8-3.9 due to  redox cycling. The application o f  the IDAE to the 
selective determination o f reversible catecholamines in LC was demonstrated by 
M atsue et al. [65], This earlier work was the basis for M atsue’s more recent work 
involving the application o f  a multichannel potentiostat with an amperometric array to 
electrochemical detection with LC and FIA.
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Wang et al. [66] reported on an amperometric array consisting o f  4 chemically 
modified electrodes in a thin layer flow cell. However, the electrodes w ere monitored 
sequentially, rather than simultaneously, as in normal amperometric arrays. 
Harrington et al. [67] have described a general purpose, multiple working electrode 
potentiostat, capable o f  controlling up to  11 working electrodes. The potentiostat was 
capable o f  controlling independently the electrode potentials over a continuous range 
from -2.5 to +2.5 V with current sensitivities in the range 1 mA-100 pA. Low noise 
performance was achieved through appropriate power isolation and null balancing 
techniques. For automated data acquisition and control, the multiple electrode 
potentiostat was interfaced to an Apple He microcomputer. All control lines between 
the microcomputer and the potentiostat were provided by the secondary input/output 
devices located on the I/O socket o f  the Apple He motherboard. The potentiostat was 
used with an interdigitated filar microelectrode array for the determination o f  
ferrocene. The instrumentation was designed for either stand alone operation or for 
computer controlled operation and was capable o f  implementing either stepped 
potential or scanned potential programs.
Matsue et al. [39, 68] have utilised their multichannel potentiostat and amperometric 
array with both FIA and LC to generate 3-dimensional hydrodynamic voltammograms. 
By applying a stepwise voltage sequence at the working electrode array it was possible 
to obtain measurements at 80 different potentials, thus improving the resolution o f 
the data obtained. The detection system was applied to the determination o f  a mixture 
o f several electroactive chemicals, such as ferrocene derivatives, ascorbic acid, uric 
acid and catecholamines. A  detection limit o f lx lO '8 M  for a ferrocene derivative was 
obtained. It was also possible to  determine mixtures o f  these ferrocene derivatives by
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FIA without prior separation. The concentration o f  each component in the mixed 
injection was obtained from the magnitude o f its diffusion current id.
A  considerable advance in the development o f  multichannel potentiostat hardware has 
been made by Hoogvliet et al. [41], Their design incorporated independent control o f 
each working electrode through the utilisation o f  a dual channel DAC (AD 7547) for 
each working electrode. The instrumentation developed was an improvement over the 
design reported by M atsue et al. [39, 68] in terms o f  improved potentiostatic control 
and current offsetting capabilities, i.e. each working electrode in the array was both 
polarised and offset (± 0 .2  (aA) for back current independently o f  each other. Efficient 
and versatile current setting capabilities are important in high sensitivity situations (1 
nA-10 pA) where low level analytical signals are often superimposed on much higher 
background currents. The potentiostat was used with a radial flow cell design 
consisting o f a 16 carbon paste working electrode array and was applied to the 
determination o f  epinephrine with a limit o f  detection (L.O.D) o f  lx lO '9 LC. While the 
limit o f detection achieved was comparable to  a conventional single working electrode 
systems, the 3-d chromatogram generated by the array is obviously much more 
comprehensive in terms o f  information content. The application o f  the system with 
biosensor arrays was also discussed.
Fielden et al. [40, 44, 69] have reported the design o f  an 8-channel amperometric array 
using a radial flow configuration operating under wall je t conditions, and more 
recently a radial array produced by photolithography again used in a wall je t 
configuration. They also described a linear flow cell consisting o f  tw o sets o f  01  mm 
glassy carbon working electrodes positioned opposite each other and separated by a 
spacer. However, their hardware did not demonstrate the same degree o f  instrumental
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flexibility as the design reported by Hoogvliet et al. [41], The hardware design was 
similar to  an extended bi-potentiostat. Control o f  the instrumentation was effected via 
a Compac 386/20 PC and software routines written in Turbo Pascal. Their system was 
applied to the determination o f  mixtures o f metal ions such as Cu(II) and Cd(II) in 
aqueous solutions using FIA and LC. The signal obtained for the reduction o f each 
metals ion such as Cd(II) was corrected for background contributions by other metal 
ions present in the sample e.g. Cu(II) when carrying out mixed species determinations, 
enabling multicomponent determinations to be carried out w ithout prior separation as 
in FIA.
1.5.4 Capillary Electrophoresis with Electrochemical Detection (CE- 
EC)
Capillary electrophoresis (CE) has become a powerful analytical method because o f  the 
small sample volume and high separation efficiency offered [70], The detector o f 
choice for CE has been UV  which results in relatively high detection limits due to the 
extremely short pathlengths possible. Efforts to improve the limits o f  detection for CE 
have focused on the development o f  laser induced fluorescence [71, 72] and 
electrochemical detection [73-77],
The development o f  electrochemical detection for CE has been difficult in comparison 
to its implementation in LC and FIA [73], The main problem is the high potential 
fields that are used in CE separation. When an electrode was placed in the capillary, 
noise arising from the high voltage applied across the capillary interfered with 
detection. The implementation o f  the decoupler design permitted the first use o f  on 
column detection for CE. The decouplers have evolved from the early porous glass
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coupler [73] to the cast Nafion type used by Park and co-workers at present [78]. A 
carbon fiber can be used to  detect analytes amperometrically with detection limits in 
the low nanomolar range. The use o f couplers has made electrochemical detection in 
CE possible by terminating the separation voltage and therefore noise currents, before 
detection. Some alternative approaches to  the coupler have also been utilised which 
include insertion o f  the carbon fiber working electrode into a capillary o f  small internal 
diameter [79] and chemical etching o f the capillary end o f  a capillary to  provide a 
conical entrance for electrode placement [80],
To date these electrochemical detection schemes have been based on the use o f 
amperometry with a single electrode maintained at a fixed potential. This approach 
suffers from the drawback o f  only providing limited information about the 
electrochemical properties o f  the analyte being detected. Routine analysis o f  complex 
samples with CE-EC is problematic because o f  the difficulty in assigning absolute peak 
identities due shifting migration times. However the use o f  voltammetric detection 
which can give 3-dimensional definition o f  the CE peaks can help to overcome. Ewing 
et al. [81] have described the use scanning electrochemical detection with CE to 
increase the resolving power for closely eluting solutes. Scan rates in the range 1 to 
2.5 V s '1 w ere implemented with 5 fim carbon fibers used in an end-column detection 
mode. A 5 |im  fused silica capillary was used for separation. The detection end o f  the 
capillary was etched to  a conical shape in order to accommodate the carbon fiber 
working electrode. The system was applied to the determination o f catechols. Linear 
responses were obtained in the concentration range o f  10'3 to  10'5 M. Detection limits 
were in the range 2.3 piM to 6.6 (iM.
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Special consideration must be given to the specifications o f  the potentiostat required 
for CE-EC. Arcing between the high voltage end and ground which can occur 
occasionally results in permanent damage to the potentiostat especially the i-E 
converter op-amp. BAS now supplies a modified potentiostat which facilitates easy 
replacement o f  the damaged op-amps. To date no successful hardware method for the 
prevention o f  this type o f  damage has been developed. The potentiostat must be 
capable o f  working at high sensitivities (down to  0.1 pA). Low  noise operation o f  the 
potentiostat is critical due to the high sensitivity nature o f  the measurements. Stability 
o f the potentiostat in such high gain situations is vital to the accurate acquisition o f  the 
data. The potentiostat must be capable o f  supplying short high current outputs which 
are necessary during the electrochemical pretreatment o f  the carbon fiber working 
electrode.
1.6 PC and Microprocessor Based Instrumentation
Faced with the desire to  join the computer age, many electrochemists have designed 
and built their own computer-based or microprocessor-based electrochemical systems. 
Developments in both computer and interface hardware have both contributed to  this 
evolution. The use o f  the computer strongly affects the ease o f instrument operation 
and the degree o f  functional adaptability. These systems provide power and flexibility 
for experimental control o f  functions such as waveform generation, digital filtering 
and data acquisition [6, 82].
The computer is both a tool for computation and data analysis. In the role o f 
computation, computers have changed the nature o f electrochemistry. They have also 
made it possible to calculate the response which is expected in complex experiments
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situations not amenable to  analytical mathematical solutions. Important mathematical 
techniques in routine use today include digital simulation and numerical integration. In 
addition, powerful numerical methods are used routinely for analysis o f  experimental 
data. The use o f a small digital computer to  control experiments and acquire data in 
electrochemistry was described by Lauer as early as early as 1967 [83], Since that 
time the reliability o f  hardware has improved and its cost has dropped dramatically 
coupled with a dramatic increase in the sophistication o f  software. However, the 
principles on which today’s computer-based systems are the same. The major 
difference is that technical elaboration has made it possible to be a user with a smaller 
investment in knowledge o f  the system [42].
The application o f  computers to  control electrochemical experiments on-line developed 
rather slowly, owing to early problems associated with the interfacing and also the 
high costs. Both o f  these obstacles have now been largely overcome. It is now 
possible to  purchase PC based systems capable o f  controlling a wide range o f 
experiments, acquiring and processing data and displaying the results on screen and in 
hard copy form at an affordable price [42], The microcomputer based system is 
particularly well suited to situations where many experiments o f  the same type will be 
undertaken with only slight changes in the experimental conditions. It is also useful in 
studies where a variety o f  techniques using numerous parameters variations can be 
quickly and effortless applied from the keyboard o f  the computer to  a sample via the 
potentiostat. Stored voltammograms can easily be overlaid for comparison purposes 
or individual features can be selected, magnified and examined in more detailed. 
Commercial software packages now supply a wide range o f  analysis tools which are 
capable o f  handling must o f the common data analysis requirements [5],
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Commercial processor-based electrochemical instruments are available in tw o forms. 
In the first configuration, a PC is interfaced to  the analog instrumentation. In the 
other approach, the package is integrated in such a way that the processor is dedicated 
to the electrochemical experiments. Several dedicated, processor-based pulse 
polarographs have been available since the m id-1970’s. The first units w ere developed 
by Princeton Applied Research at a time when microprocessors were just beginning to 
influence all chemical instrumentation [6],
To perform any task, microprocessors must be programmed in a digital environment, 
using mathematical and logical operations which must be written in machine code. 
Software or program development at this level is tedious, time consuming and 
expensive. This therefore hindered the development o f  electrochemical instruments 
controlled by such processors. However, in the early 1980’s BAS introduced a new 
class o f integrated processor-driven instrumentation based on a concept first developed 
by Faulkner and co-workers [84] at the University o f  Illinois. The instrument included 
some 25 electrochemical techniques. The instrument had automatic R„ built into the 
hardware. Thus in a single instrument it was possible to  implement all the common 
electrochemical techniques and thus establish quickly the optimum method for required 




DESIGN AND DEVELOPMENT OF A 
COMPUTER-CONTROLLED MULTICHANNEL  
POTENTIOSTAT FOR APPLICATIONS WITH  
FLOWING SOLUTION ANALYSIS
2.1 Introduction
In the previous chapter, the background to computer-controlled electrochemical 
instrumentation and the development o f  multichannel amperometric detection systems 
for applications with LC and FIA, was introduced. In this work, a computer- 
controlled, multichannel potentiostat which can independently control an array o f  
working electrodes. The autonomy o f each channel in the potentiostat was achieved 
by the utilisation o f  a dual channel DAC (digital to analog converter) (AD7237) 
(Analog Devices) which was dedicated to  electrode polarisation and background 
current offsetting duties. The design and the development o f  the analog and digital 
control circuits for a modular potentiostat capable o f  controlling up to  16 working 
electrodes with a common reference/counter electrode is discussed. Control o f  the 
purpose built instrumentation was effected via a 486/33M Hz personal com puter and 
Analog Devices RTI cards which were responsible for hardware control functions and 
data acquisition via digital and analog control lines. The control software for the 
system was developed in M icrosoft QuickBasic 4.5 and an Assembly Language 
Toolbox. The design utilised differs from that used in conventional single channel 
potentiostats and incorporates many new hardware and software capabilities over work
previously reported in the literature.
2.2 Composition of Multichannel Potentiostat
The computer controlled, modular potentiostat was designed to  control independently 
the potential o f  4 working electrodes (WE) (expandable to 16), with common 
reference (RE) and counter electrodes (CE). A block diagram o f  the multichannel 
potentiostat is shown in Figure 2.1.
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Figure 2.1. Block diagram o f  the multichannel potentiostat.
The multichannel potentiostat consists o f  a pow er supply, a counter 
electrode/reference electrode (CE/RE) unit, a channel selector, sensitivity selector, 
current offset extent selector and an analog filter control unit, 4 current to  voltage 
(I/E) converter units and 4 D/A  converter units. The digital and analog input/output
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(I/O) signals were bussed through the back plane o f  the PC to  the interface boards 
(RTI-815 and RTI-817 cards) [85, 86],
2.2.1 Counter/Reference Electrode CE/RE Unit
The CE/RE unit is the base circuit o f  the multichannel potentiostat. This circuit allows 
for setting a potential between the reference electrode and the working electrode by 
driving current through the counter electrode sufficient to  produce the desired 
potential difference between the working electrode and reference electrode. The 
CE/RE unit was based on a quad op-amp (TL074)(SGS-Thompson Microelectronics). 
The circuit design utilised is shown in Figure 2.2.
F igure 2.2. Circuit diagram for counter electrode/reference electrode unit.
An input signal in the range +2.0V (resolution 1 mV) which was controlled by a 
voltage ratio amplifier (op-amp 1) via the D/A  converter o f the RTI-815 card was 
applied to  op-amp 2. The default setting was 0.0 V  for normal mode operation [40].
Op-amp 3 is a high impedance, unity gain, non-inverting voltage follower. The stable 
condition for the loop containing op-amps 2 and 3 is when the output from op-amp 3 
is equal in magnitude but opposite in polarity to the input voltage o f  op-amp 2. This 
means that the voltage at point (s), the summing junction, should always be at zero 
volts; however, if  a change occurs in the junction potential, the output o f  op-amp 2 
will increase to maintain the summing junction at zero volts. The input potential 
therefore can be accurately maintained between the reference electrode and the 
working electrode.
2.2.2 Current to Voltage (I/E) Converter Unit
A current to  voltage unit consists o f  a current to  voltage converter, 2 sensitivity 
selectors, an analog filter, a current offset and a differential amplifier. The basic 
current to voltage converter circuit is a current follower (Figure 2.3). The input is a 
current, ii„, that is obtained from the working electrode. The gain o f  the circuit is set 
by the value o f  the resistor Rf.
Vout= - i i « x R f  (2 -1 )
Figure  2.3. Schematic circuit for current to voltage converter
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Since the tw o inputs o f  an ideal op-amp are always at virtually the same potential, it is 
intuitive that the non-inverting input (+) is a virtual ground. This feature is important 
because it allows currents to  be converted to  equivalent voltages while the current 
source is maintained at ground potential. This design was utilised when building the 
potentiostat.
Figure 2.4. Circuit diagram for current to  voltage unit
Usually, the maximum close-loop gain o f  an op-amp is in the range o f  around 108. 
The signals detected by the multichannel potentiostat discussed in this w ork are in the 
current ranges 10 '11 - 10‘3 A. I f  only one op-amp is used, the available gain is not 
sufficient to meet the necessary amplification requirements; therefore a combination o f 
three op-amps were used to achieve the desired amplification range. The total gain is
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therefore:
where A1 is the gain o f  amplifier for current to  voltage converter with gain in the 
range o f  107 to 102, A2 is the gain o f  voltage ratio amplifier with gain in the range o f  
103 to  10° and A3 is the gain o f  difference amplifier with a gain o f  10 (see Figure 2.4) 
The gain is selected by two analog switches (H13-0509) which are controlled via the 
computer and the Analog Devices RTI-817 control card, with sensitivities in the range 
o f  1 mA to 10 pA (9 decades).
2.2.3 Current to Voltage Converter Unit Circuit
The current to voltage unit is a major unit o f  the multichannel potentiostat. It is used 
to convert a current signal from the working electrode into a voltage signal which is 
then sent to the com puter via the analog to  digital conversion interface o f  the Analog 
Devices RTI-815 card. The output voltage o f  the I/E converter unit is ±  5 V full scale. 
The circuit design utilised is shown in Figure 2.4. Each circuit o f  the I/E unit contains 
the following:
1. an I/E converter with a low-noise and low bias current operational amplifier 
(OPA121) (Burr-Brown) configured as a current follower;
2. a TL071 (Texas Instruments) op-amp functioning as a voltage ratio amplifier;
3. a TL074 (SGS-Thompson Microelectronics) quad op-amp, which was utilised 
for analog filtering, potential application, current offsetting (V/I converter) 
and the difference ratio amplifier: the analog low-pass (third-order Bessel) 
active filter has a cut-off frequency o f  1 H z and can be switched on or off
A = A1 x A2 x A3 (2.2)
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4. an addressable array o f  relays which allow current measurements in the 0-1 
mA to 0-10 pA range: once selected, however, the chosen sensitivity was 
identical for each channel;
5. tw o multi-turn potentiometers which w ere used in the current follower op-amp 
(A l) and ratio amplifier (A2) for zero-offset o f  the output;
6. a calibration circuit with two multi-turn potentiometers into the current offset 
circuit (A) for accurate setting o f  the current offset ranges; and
7. a multi-turn potentiom eter, which w as used  in potential circuit (B ) for accurate 
setting o f  the potential range.
2.2.4 Analog Filtering
A filter is a frequency-selective network that favours certain frequencies o f  input 
signals at the discrimination o f  others. Today, most filters are based on integrated 
circuitry, particularly the IC op-amp. W hen op-amps are combined with resistors and 
capacitors they can accurately simulate the performance o f  traditional inductance- 
capacitance filters. Since this new approach usually has gain and needs some supply 
power, filters built in this way are called active filters. While active filters as a 
concept have been around for quite some time, only recently have reliable, easy-to- 
use circuits and simple design processes emerged.
The order o f  a filter governs the strength o f  its falloff with frequency. The number o f 
energy-storage capacitors in most active filters determines their order. A fifth-order 
filter usually takes five capacitors, and so on. The higher the order o f  the filter, the 
better its performance, the more parts it will take, and the more critical the
depending on the signal to noiss level;
restrictions on component and amplifier variations.
For high sensitivity measurements, noise reduction for enhancement o f  the signal to  
noise ratio is a vital aspect o f  the instrumentation function. As the electrochemical 
signals o f interest in our system were low frequency in nature, a third order unity gain 
analog low-pass filter with a cut-off frequency o f  1 Hz was used in the detection circuit 
for signal to noise ratio enhancement for all measurements. To prevent amplification 
by the low-pass filter, a third-order low-pass RC active (Bessel) filter o f  unity gain 
was used.
2.2.5 D/A Converter and Control Units
A fundamental feature o f  a multichannel potentiostat is that each working electrode in 
the array must function independently, with no electronic or chemical cross-talk 
between the channels. The D/A converter circuit is shown in Figure 2.5.
Figure 2.5. Circuit diagram for digital to  analog converter unit
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In this design, separate digital to analog converters (DAC’s) are used to  control each 
working electrode potential and background current offset. Each DAC is a dual 
channel unit (2 x 12 bits, AD7237). One channel was used to convert digital signals 
from the computer into an analog polarisation voltage (Vpoi) versus the reference 
potential (resolution ca. 1 mV). The other DAC channel was used to  control a current 
offset (loffset)-
In order to  allow the background current baseline to  be set to  zero, an independent 
input current offset facility was used in each channel o f  the multichannel potentiostat. 
The background current is produced by a variety o f  sources such as environmental 
noise, contributions from the background electrolyte, pump noise and non-zero drift 
o f the detection circuit. The baseline could be corrected automatically or manually set 
to zero (user defined offset) via the computer. One 12-bit D /A  channel converts 
digital signals from the computer into an analog voltage offset between ±  2.0 V 
(resolution «  1 mV). This is passed to a V/I converter circuit which transforms the 
voltage offset signal into a current offset. An analog switch controls and selects the 
current offsetting facility in the V/I converter circuit. The ranges extend from ± 200.0 
nA and ±  20.00 nA, and resolution from ca. 100 pA and 10 pA, respectively. The 
DAC for each channel was selected via a 4-16 decoder (74LS154)(National 
Semiconductors). An analog switch (DG411)(Siliconix) was used for selection o f  the 
current offset ranges i.e. ±  200.00 nA or ± 20.00 nA.
2.3 RTI Series Data Acquisition/Control Cards
For automated data-acquisition and control, the multichannel potentiostat was
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interfaced to a computer. All control lines between the com puter and the potentiostat 
were provided by the Analog Devices RTI-815 and RTI-817 data acquisition\control 
cards which were located in the I/O bus sockets o f  the com puter motherboard [85, 
86],
2.3.1 RTI-815 Board
The RTI-815 is a multifunction analog/digital input/output board that plugs into one o f  
the available long expansion slots o f  an IBM  PC, PC/XT, PC/AT, or equivalent 
personal computer. The RTI-815 board has capabilities for analog input/output, 
digital input/output and time-related digital I/O functions.
The RTI-815 interface consists of:
1. 16 digital I/O lines (0 to  +5V, TTL compatible);
2. 32 single ended (16 differential) analog input lines, 12-bit resolution, software 
selectable gain (1, 10, 100, 500), input voltage range (± 5V, ±  10V, 0-10V) 
jum per selectable, conversion time 25 (as, system through put up to  31.2 kHz;
3. 2 analog out lines (12-bit resolution), ranges 0 to+ 10V , ± 1 0 V @ 2 m A .
For effective data validity, measurements from each channel should be as small as 
possible to reduce the real time differential between the channels which increases with 
the number o f  channels. An analog to  digital (A/D) conversion time o f  25 |is and 
system throughput o f  31.2 kHz is for effective operation o f  the A/D converter (RTI- 
815).
Analog input and/or output connections are made to  the RTI-815 through the 50-pin
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male connector (J2). Digital I/O and counter/timer I/O are connected to the RTI-815 
through the 34-pin male connector (Jl).
Signals from the four channel potentiostat w ere acquired via the multiplexed analog 
inputs o f  the RTI-815. One analog output was used for counter electrode polarisation, 
the second could be used for controlling a pump. Digital I/O was used for controlling 
the sensitivity selection, the potential o f  the working electrodes, the input current 
offset, the current offset extent selector and the analog filter. The software-selectable 
gain o f  the RTI-card allows for an expansion o f  the effective sensitivity range (over 
and above the that offered by the current gain circuitry described earlier) to  100 fA full 
scale. For synchronisation o f  data acquisition, potential scan-rate control, and 
working electrode cycles, the programmable interval counter and timer chip o f  the 
computer was used.
2.3.2 RTI-817 Board
The RTI-817 is a 24-channel, TTL compatible (0 to +5V) digital I/O board that plugs 
into one o f  the available expansion slots in a PC. The RTI-817 interface provides three 
8-channel ports, ports 0, 1 and 2, for digital I/O operations. The channels/ports can 
be accessed through the J 1 connector on the board. Depending on the application, it 
is possible to  address a single channel (bit) o f  a digital I/O port or all eight channels 
(byte) o f  the I/O port. Digital control signals can be sent out indicating the status o f  a 
control line or switch or, if the channels are configured as digital input channels, 




Multichannel electrochemical detection is difficult to  perform without computerised 
instrumentation. Therefore, both the control and data acquisition were fully 
computerised. The software support for both the data-acquisition and hardware 
control functions was developed "in-house". The software used to  control this system 
was written in QuickBASIC 4.5 (QBasic) with the initial system consisting o f  a set o f 
system menus which w ere displayed on the screen. These menus allowed the user to 
set instrumental working parameters and perform functions such as running the system 
and plotting the data acquired. The problem with this system was that it was very 
cryptic and alienating for people who w ere not familiar with the operation o f  the 
system.
In an effort to overcome this problem it was decided to  write software with a 
"Windows" style graphical interface. The new user-computer interface was written 
using an Assembly Language Toolbox which consisted o f  a collection o f  routines in a 
Quick Library and a stand alone library which could be used in the QBasic 
environment.
2.4.2 RTI Series Software Drivers
The RTI-800 Series Software package provides a convenient and powerful software 
interface between the RTI-815 and RTI-817 I/O boards and a computer [87], The 
RTI-800 Series software package consists o f  high-level language libraries, such as the 
hardware libraries. Each language library consists o f  a language binding and the
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necessary system routines. Bindings handle parameters passing between the detection 
system program and the hardware libraries. The hardware libraries are board specific 
(RTI815.LIB, RTI817.LIB) and contain the low-level subroutines that directly 
perform the I/O functions supported by the RTI-800 Series boards. System routines 
are hardware independent and include initialisation, program execution delays and 
logical channel definition clearing.
I/O and system routines are used to access the functions o f  the RTI-815 and RTI-817 
boards. I/O routines are provided for analog I/O, digital I/O, frequency input, event 
counting and pulse output when these functions are supported by the board.
Each I/O routine has a set-up routine associated with it; system routines do not. A 
set-up routine defines a record in software, called a logical channel, which contains 
all the information necessary to perform the specified I/O function on a particular RTI 
board. Once the logical channel is defined, few parameters need to be specified for 
the I/O function itself. When operations use sequences o f  physical channels (such as 
AING), the set-up routine also stores this information in a "channel sequence list" in 
memory.
The set-up routine must be called before its associated I/O routine or an error will be 
reported. Up to 256 logical channels can be defined at one time. Once a logical 
channel is defined, it cannot be redefined unless it is first cleared using the system 
routine CLCHAN. I f  appropriate, CLCHAN also removes entries from the channel 
sequence list. These tasks are also accomplished when the system is initialised.
2.4.3 Data Acquisition and I/O Control Routines
The purpose o f  an interface is to  convert the analog voltage output o f  an instrument or
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sensor to a binary form that can be handled by the digital computer. ADC's are 
characterised by their resolution, dynamic range and maximum throughput. The 
resolution o f an DAC is defined as the smallest change in an analog signal that can be 
observed at the digital output. Resolution (R) is determined by the number o f bits in 
the digital signal: 12 bits, 1 part in 4096.
R  = VrEF /  2n - 1 (2.3)
where n = number o f  bits.
Thus for an A/D converter with maximum range from -5 V  to  +5 V  DC and 12 bits o f  
output, the smallest change that can be detected in the digital output is
10V / (2U -1) = 2 .442x103 V 
Sampling rates are an important consideration with ADC's. The sampling rate is 
determined by the experimental requirements and whether the ADC and the computer 
can accept this rate. The sampling rate can depend both on how much information is 
required from the analog signal and on what kind o f  signal processing is planned for 
the collected data. For theoretical reasons it is necessary to  sample a signal with a rate 
twice as high as the highest frequency component o f  the signal (Nyquist's Theorem)
The most important characteristics o f  ADC's are the speed and accuracy o f  conversion. 
These parameters are determined by the particular method used to convert the data 
which can be achieved by a number o f  methods. Successive approximation is used in 
the analog to  digital converter o f  RTI-815 card. It has a fixed conversion time that is 
the same for any value o f  analog input.
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2.4.4 Assembly Language Toolbox Operation
The assembly language toolbox was designed to resemble standard QBasic Sub 
Programs and Function procedures. Routines which are required for the program are 
declared at the beginning o f  the program. A full set o f  these routines are provided with 
the toolbox from which the user can select the ones required for a particular 
application. Among these routines w ere ones which could produce vertical and 
horizontal menus on the screen from which the user could make selections using the 
mouse or the HotKey facility. HotKey facilities are characters, normally a letter or a 
number when pressed automatically executes that selection without the user having to 
press the return key afterwards. These HotKeys are easily recognisable in the menu as 
they appear highlighted. In the case o f  selections made using the mouse, this merely 
involves clicking on the selected choice to execute that particular selection.
2.4.5 Software Design
The menu driven package includes routines which configure the system to the system 
set-up required by the user, perform data analysis, archive data to and retrieve data 
from the hard disk, display data in either three dimensional (current vs. time vs. applied 
potential), or two dimensional formats (current vs. applied potential); or obtain a 
printout. Both the tw o and three dimensional display facilities were available in real 
time during data acquisition. Included in the main menu is a HELP option which 
allows the user to access help files on system functions and settings.
The program for data-acquisition and system control consists o f  a series o f  
subprograms which are task specific. These include the system initialisation program, 
the system main menu program and the display program. A  detailed structural layout
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for the multichannel potentiostat detection system software is shown in Figure 2.6.
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Figure  2.6. Structural layout for multichannel potentiostat detection system software
2.4.5.1 D etection System  P rog ram  M enu
The main menu o f  the control program is shown in Figure 2.7. The graphical user 
interface (GUI) was a windows style environment with a main menu bar which 
contained a series o f sub-menu’s. The main menu was presented in a horizontal format 
using a routine from the Assembly-Language Toolbox called BarMenu, while the 
vertical menus were presented in a vertical format using routines from the Toolbox 
known as VerMenus. The menu driven package included routines which are 
responsible for system settings, data handling and data display. An effort was made to 
provide flexible, easy to  use software. To activate the menu bar, one could use the 
M ouse or the HotKey to  select the desired option.
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Figure 2.7. The main menu with a Windows style graphical interface.
Figure 2.8. The Set-up submenu.
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The multichannel detection system submenu consists o f  seven menu bars which control 
the major system parameters, the system mode and the on-line help facility. The Set­
up submenu o f the multichannel amperometric detection system as it would appear on­
screen is shown in Figure 2.8. From the set-up menu the main instrument/parameters 
are set via the keyboard and mouse. These settings can easily be changed after an 
analysis run if  required.
2.4.6 Graphical Display
The graphical representation includes two-dimensional plots o f  the currents from 2 or 
more selected channel vs. potential (2-d voltammogram) and vs. time (3-d 
voltammogram).
2.4.5.2 Detection System Submenu
CURRENT DETECTION FOR FLOU ANALYSIS
TIME <S>
DATE: 03-01-1994 TIME! 19:55:16
s o l u t i o n :
ELECTRODE MATERIALS 
File to save -to ï ? d2d4
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Ì =?:§! ;8:8i5 —2.B6 +0 .067 -3.90 +0.03
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C . E . U .■ 0 MU
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Figure 2.9. On-line display o f  an injection o f  uric acid (2 x IO-3 M) in 0.05 M  
phosphate buffer pH 7.4. using the linear array configuration.
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2.4.6.1 Two-dimensional Graphical Display
An example o f  a 2-D display is presented in Figure 2.9. The 4 electrodes were 
polarised between + 200 mV and + 500 mV with a current sensitivity setting o f  1 |xA. 
A single 42.9 mV step was applied to each electrode to  generate an 8 electrode 
response (4 real, 4 virtual channels). Each channel is represented by a different colour 
on the display to  distinguish clearly between them.
2.4.6.2 Three-dimensional Graphical Display
Figure 2.10 shows the on-line display o f  a 3-dimensional hydrodynamic voltammogram 
o f hydroquinone (0.1 M) in 0.05 M  phosphate buffer pH  7.4. Five sequential voltage 
steps o f  15.8 mV w ere applied to the working electrode array which were polarised in 
the range -200 to  +100 mV to  generate a 20 working electrode (4 real, 16 virtual) 
response.
MULTICHANNEL TIME-CURRENT-POTENTXAL DETECTION CHANNELS- 4 x 3
e 79 150 225 300 TIME <S>
DATE: 01-12-1994 TIME: 23:11:28
SOLUTION:
ELECTRODE MATERIAL:
F l l *  -to s a v a  ' t o :  7 h y d r o !
| Savik j | Print j [ Da~ta | [ Con* ■ | [ Menu |
Figure 2.10. On-line display o f  a 3-dimensional hydrodynamic voltammogram o f 
hydroquinone (0.1 M) in 0.05 M  phosphate buffer pH 7.4., obtained 
using the linear array configuration. Flow rate 0.5 ml/min.
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Data is stored in a spreadsheet compatible format (ASCII with column delimiter) to 
facilitate post-run processing with standard applications packages such as M icrosoft 
Excel. The DOS filenames could have up to eight characters plus an optional three- 
letter extension. The default extension was “ .dat” .
To sav e  a  f i le :
• From the File menu o f  the detection system program, the user selects the SAVE 
command, then the SAVE dialogue box appears;
• In the FILE name box, the user types the required file name. I f  the user wants to 
save the file on a different drive or directory, the path must be included as part o f 
the filename.
2.5 Potential Step Sequences
To further improve the voltage resolution o f  the 3-D voltammogram, a series o f 
potentials steps (up to  5) could be applied to  the working electrodes, thus generating a 
20-channel response. A  100 ms delay time was utilised before the current was sampled 
to  reduce charging current effects. All potential step sequences were software 
controlled. The software facilitated the selection o f  1-5 potential steps at each 
working electrode.
2.6 Data Processing
The main objective o f  data processing is to  maximise the information content o f  an 
experimental signal. The data processing and representation program were designed to 
provide digital filtering, baseline correction and calibration o f  the electrode responses.
2.4.7 Data Storage
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A number o f digital filters were used and evaluated in terms o f their noise reduction 
capabilities and their effect on signal attenuation. The filters investigated included 
boxcar averaging and moving point averaging.
2.6.1 Baseline Correction
Due to background noise levels that are produced by inherent cell currents, and non­
zero drift by components o f  the detection circuit, the resultant baseline is non-zero in 
nature and subsequently produces deviations in the background signal. I f  the deviation 
o f  the baseline is substantial it results in both detection and display overloads. In order 
to solve this problem an input current offset facility has been incorporated into each 
channel. Before the signal is passed to the measurement circuit, the baseline o f  each 
channel is corrected by the instrumentation control program. The deviation value o f 
the baseline and the required current offset are computed and the desired current offset 
for each channel is automatically applied via the DAC unit for that channel.
2.6.2 Digital Filtering
The increasing use o f  computerised instruments has correspondingly increased the 
importance o f  software techniques for data acquisition and signal to  noise 
enhancement. Operations such as filtering, linearisation and attenuation, formerly 
accomplished by hardware devices, are now achieved by software resident in the 
microcomputer component o f  the instrument. Software operations offer the 
advantages o f  flexibility and diversity. For example, a variety o f  software filters can 
be implemented by changing computer algorithms, whereas considerable effort may be 
required to change hardware filters. Nevertheless, in situations where the computer
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cannot execute the required function at a satisfactory rate, implementation with 
hardware components is necessary.
The minimum hardware units required for software signal-processing functions 
consists o f  analog signal conditioning circuits, an analog-to-digital converter and a 
microcomputer. The rates o f  sampling the analog data and o f  the analog-to-digital 
conversions must be fast enough to provide an adequate frequency range to  cover the 
analog signal and thus ensure minimum loss o f  information. Although the conversion 
frequency increases with the sampling rate, the upper frequency limit is determined by 
the speed o f the computer and the memory available for data storage.
Once the data is in digital form, a variety o f  software enhancement techniques may be 
used to  increase the signal-to-noise ratio. Although these software techniques are 
readily available and widely used, caution should be exercised in their applications to 
prevent problems such as undersampling and oversmoothing.
Noise is a central problem in data acquisition and is often difficult to handle. Any 
electronic system contains (and produces) many types o f  noise. There are a number o f 
software techniques for the enhancement o f  the signal to  noise ratio. Three o f  the 
most commonly used software signal enhancement techniques are boxcar averaging, 
ensemble averaging and weighted digital filtering.
A number o f  digital filters were used for noise reduction both on-line and off-line. 
Boxcar averaging, moving point averaging and a combination o f  both with variable 
window sizes were available in real time.
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One o f the problems arising with these arrays was that all the electrodes gave a slightly 
different responses under identical conditions; hence it was required to  normalise 
every electrode before starting an analysis run.
Normalisation o f the electrode response involved multiplying the response o f  each 
channel by a weighting factor to  compensate for inherent differences in the working 
electrode. The software was designed to  normalise the array with respect to  the array 
average. Each data point was then multiplied by this factor before it is displayed on 
screen.
The normalisation software routine was based on the following equation:
2.6.3 Signal Normalisation
R.A V  — R.E(n) _
F (n ) =  1 + -------  (2.4)
R ew
where WF(-n) = weighting factor for each channel, R(av) = averaged array response and 
RE(n) = individual electrode response.
2.7 Flow Cell Design and Fabrication
2.7.1 Introduction
For optimal amperometric detection, several flow cell parameters are important, such 
as the cell resistance and capacitance. These are critical to  good potential control at 
any particular electrode and the degree o f  cross-talk between the working electrodes is 
important at low analyte concentrations. The signals due to  cross talk can be the same 
order o f magnitude as the analytical signal when working at low concentrations. Cross
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talk is described as the non-faradaic current occurring at a downstream electrode due 
to a large current at the upstream electrode. Cross talk can arise in tw o ways but both 
are directly related to cell resistance. Cross talk can arise from the iR drop at one 
electrode affecting the interfacial potential at the other electrode because o f  the manner 
in the multichannel potentiostat must implemented. In addition, because o f  the high 
resistance o f  the thin layer cell, a current path from the upstream working electrode to 
the downstream working electrode can compete with the current path to  the counter 
electrode [88],
When designing and using electrochemical detectors, three principal problems must be 
solved.
1. The working electrode material must function in a suitable potential range with any
residual current and noise being low and constant. The kinetic parameters o f  the 
analyte electrode reaction should be favourable and free o f  interferences from 
adsorption effects.
2. The measuring cell must be constructed with hydrodynamic conditions permitting
sensitive and reproducible measurements.
3. A suitable measuring technique must be chosen from the point o f  view o f  sensitivity
o f measurement, accuracy, reproducibility, selectivity and ease o f  signal handling.
The design and evaluation o f  the flow cell utilising an array o f  independently controlled 
electrodes in conjunction with amperometiy, has been investigated for applications 
with FIA. Two basic flow cell configurations used in this w ork were:
• A linear flow cell
• A radial flow cell
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A schematic o f  the linear flow cell is shown in Figure 2.11. It consists o f  four main 
components:
• the cell base (containing the planar electrode array);
• the stainless-steel cell body (counter electrode);
• a thin flow directing spacer (0.18 mm thickness);
• the reference electrode holder.
2.7.2 Design and Fabrication of Linear Flow Cell
To Multichannel Potentiostat
— Outlet to Waste
Reference Electrode Holder 
Working Electrode Array 
Thin Flow Directing Spacer 
Stainless-steel Cell Body (Counter Electrode) 
Inlet
F igure 2.11. Schematic diagram for an assembled linear flow cell 
2.7.2.1 L in ear M ulti-electrode a rray
The working electrode array was constructed from glassy carbon rods 5 mm in length ( 
<}> 1 mm) which w ere sealed into 1 mm diameter holes in a perspex holder o f  the 
required dimensions. The glassy carbon electrodes were sealed in position with silver 
loaded epoxy (RS). A water-tight seal was effected with polyacrylate glue. An 8 pin 
chip holder with the legs positioned in the correct spatial arrangement was embedded
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in the epoxy to act as a connector for signal wires. The joints w ere checked with a 
multimeter to ensure that electrical contact had been established. The analog input 
lines from the I/E units o f  the detection system were connected to the chip holder for 
electrode polarisation and signal measurement. The linear flow cell was used 
specifically for experiments where redox cycling was required. This technique could 
be used to  generate 3-d voltammograms where both the oxidation and reduction 
currents w ere measured.
2.1.2.2 Flow Cell body (Counter electrode)
The main body o f  each flow cell was fabricated from stainless steel. For the linear flow 
cell (Figure 2.12), inlet and outlet holes (<j) 1 mm) were drilled into the stainless steel 
block with a spatial distance between them slightly larger than the maximum separation 
o f  the array. The inlet and outlet holes were drilled 4.5 mm and tapped with an M5 tap 
which was compatible with standard LC fittings. All surfaces were ground with a 
horizontal grinder to obtain a high precision finish. Finally, the stainless-steel body 
was polished with silicon carbide paper (1200 grade) to a final mirror finish. The flow 
cell surface was checked to  ensure planar continuity w ithout which laminar flow 
conditions may be disrupted.
2.1.2.3 Flow Directing Spacer
A spacer o f  thickness 0.18 mm shaped from an acetate sheet was placed between the 
array and the stainless steel body. The flow cell assembly was held together with 4 
hexagonal stainless steel screws ensuring correct positioning o f  the spacer. The 
stainless steel body o f the flow cell acted as the counter electrode and was electrically
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isolated from the working electrode array by the spacer.
2.7.3 Reference Electrode Holder
The outlet from the cell was connected to  the reference (Ag/AgCl) holder via stainless 
steel tubing from which the sample stream flowed to  waste. A commercial Ag/AgCl 
reference electrode supplied by EG&G (Princeton Applied Research) was utilised for 
all experimental procedures. A holder for the electrode was constructed using a flow 
controller valve. The assembly was connected downstream to the flow cell. One inlet 
was utilised with the linear flow while tw o were used with the radial flow cell. The 
outlet o f  the assembly was connected to the w aste collection vessel with Teflon tubing.
o o
o o
Working Electrode* Connector 













-► cd j] 3 K  • }







o o i Outlet
Figure 2.12. Expanded linear flow cell schematic.
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Design details o f  the radial flow cell are shown Figure 2.13.
2.7.4 Design and Fabrication of Radial Flow Cell
Working Electrodes Connector
Working Electrodes





Counter Electrode (Stainless Steel) 
O-ring Seal
Perspex 1
R adial T h in  L ayer F low  Cell
Outlet













Figure 2.13. Expanded radial flow cell configuration.
2.7.4.1 Production and Assembly
The same method o f fabrication as described for the linear flow cell was utilised in the 
construction o f  the radial flow cell. The electrodes were placed in a circular 
configuration o f  diameter 9 mm. A central inlet o f  diameter 1 mm was drilled in the 
stainless steel body. On the reverse side, a trench o f  outside diameter 17 mm, inside 
diameter 13 mm and depth 4 mm was machined. Two holes o f  diameter 1 mm were 
drilled horizontally into the trench to which the outlets were connected. They in turn
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were connected to the reference holder assembly. Outlet holes (total 16) w ere drilled 
in a circular fashion into the trench; this allowed provision for a 16 working electrode 
array where each electrode would have its own outlet. This approach was adopted in 
an effort to  ensure that reproducible laminar flow conditions were achieved at each 
working electrode. An O-ring seal was pressed into the trench creating a w ater tight 
seal and a cavity for fluid collection o f  suitable dimensions. The assembly was held 
together as previously described. The cells w ere placed in a Faraday cage to  reduce 
the effect o f  noise pick-up from environmental sources. Both the radial and linear 
arrays consisted o f  8 working electrodes, however only 4 electrodes could be used at 
any given time.
2.7.5 Flow Cell Characterisation
Plots o f logio peak area versus logi0 flow rate were used to  characterise the flow 
conditions [40], According to Fielden and M cCreedy peak area can be used instead o f 
charge when characterising flow conditions. An average slope o f -0.69 was obtained 
for the working electrodes o f  the radial array. This value indicates that thin layer 





All chemicals used were o f  analytical grade. Deionised w ater for the preparation o f 
aqueous solutions was obtained by passing distilled w ater through a Milli-Q w ater 
purification system (Millipore). Ascorbic acid, nitric acid, acetaminophen, D-glucose 
and potassium dihydrogen orthophosphate were obtained from BD H Chemicals. 
Potassium hexacyanoferrate(III) was obtained from M ay and Baker Ltd and 
dipotassium hydrogen phosphate and potassium chloride from Riedel-de-Haen. 
Hydroquinone, glutaraldehyde and uric acid w ere purchased from the Aldrich 
Chemical Co. Copper(II) nitrate, iron(III) nitrate and copper(II) sulphate 
pentahydrate were received from Merck. Lead(II) nitrate samples were prepared from 
a spectroscopic standard supplied by May & Baker. Glucose oxidase (from Aspergillus 
niger) and albumin (bovine) were purchased from Sigma. All electroactive solutions 
were freshly prepared each day and degassed for 10 minutes with nitrogen prior to  use.
2.8.2 Flow-Injection Analysis System
The FIA system was composed o f  an ACS Model 351 isocratic pulse-free pump, an 
injector port with 20|al, 50^1 and 100f.il fixed sample loops (Rheodyne 7125), PTFE
tubing (200 mm x 0.25 mm id) and stainless tubing (0.009" id). The carrier stream was 
either 0.05 M  phosphate buffer, pH 7.4 or 0.1 M  KC1. Flow rates in the range 0.2-1.0
ml min’ l were used for the flow injection studies.
For biosensor/interference studies the FIA  system consisted o f  the same components 
listed above, however, the cell used was a commercial dual working electrode thin 
layer cell (BAS CC-5). The cell assembly was housed in a Faraday cage for noise
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reduction purposes. A 0.1 mm Teflon spacer was used throughout. The BAS flow 
cell contained two glassy carbon working electrodes (diameter 3 mm) embedded in a 
PEEK plastic block. The carrier stream composed o f  0.05 M  phosphate buffer, pH
7.4, with hexacyanoferrate(III) at a concentration o f  1 mM, was used as the carrier 
stream. Flow rates in the range 0.3-0.5 ml min'1 were used throughout.
2.8.3 Working Electrode Preparation
Newly constructed glassy carbon arrays w ere initially prepared by polishing with 1200 
grade silicon carbide paper. The array was then polished with 6 jam alumina 
(Metrohm), followed by diamond paste (1 (am) (Kemet) on polishing pads for 3 
minutes respectively, before being sonicated in deionised w ater for 3 minutes to 
remove any particulate matter. The array was then assembled in the flow cell, and 
software controlled electrochemical pre-treatment potentials applied. The conditioning 
program consisted o f  scanning the potential between i  1.0 V  (vs. Ag/AgCl) for 3 
minute periods. The array was electrochemically cleaned as required during normal 
operation. The array was only polished when a significant reduction in sensitivity was 
observed.
2.9 Results and Discussion
2.9.1 Linearity
The linearity o f  the amperometric array was evaluated by injection o f  standard
solutions o f potassium hexacyanoferrate(III) in the concentration range 10-1-10-7 M  
(see Figure 2.14). The injections w ere repeated 5 times at each concentration.
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Samples were injected using both flow cell designs. A  plot o f  logio concentration 
versus logio peak height normalised using eqn 2.4 for the radial flow cell yielded a plot 
with a slope o f  0.998 and a correlation coefficient o f  0.992. A  slope o f  0.997 and a 
correlation coefficient o f  0.9985 were obtained for the linear flow cell. The limit o f 
detection was calculated to  be 2 x 10'7 M  (4 pmoles injected)(S/N=3).
Log^ Concentration (M)
Figure  2.15 Plot o f logio concentration vs. logio current for both the linear (O) and 
radial (■) flow cells. Flow rate 0.4 ml/min, carrier stream 0.05 M  
phosphate buffer (pH 7.4), working electrode potential 0.0 mV vs. 
Ag/AgCl.
2.9.2 Filters
The effect o f  analog and digital filtering on the signal were then investigated to 
evaluate their respective merits and performances. Boxcar averaging and moving point
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averaging digital filters were utilised in conjunction with an analog third-order active 

















































Table 2.1 The effects o f  analog and digital filtering on the responses o f  the radial flow
cell, to injections o f 4 x l0 ‘6 M  potassium hexacyanoferrate(III). The 
theoretically predicated values are presented also. Flow rate 0.4 ml/min, 
carrier stream 0.05 M  phosphate buffer, pH  7.4.
where, (a) Theoretical Prediction:
yfmylmtyÇjo
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(b) Relative Standard Deviation: = -  x 100%
X
The most satisfactory results were obtained with a combination o f  both analog and 
digital filtering (2.9% RSD). The major problem associated with digital filtering on­
line is that o f  signal attenuation. The effects o f  the various digital filters are presented 
in Table 2.2. A combination o f  boxcar averaging and moving point averaging results 
in a signal attenuation o f  24.4% but conversely results in a 55% reduction in the noise. 
The improvements in the S/N ratio are not as large as predicted theoretically and 
therefore would indicate that the noise in the system has a large random characteristic 
which is difficult to filter out completely. The value o f  good hardware filtering is also 
demonstrated. Activation o f  the hardware filter results in a 59% reduction in the noise 
level observed in the response signal.
Digital Filter Type % Attenuation (Array Average)
Boxcar Averaging [10] 5.1
Moving Point Averaging [5] 8.1
Boxcar[10] + Moving Point Averaging. [5] 22.4
’ ] number o f  data points in each window
Table 2.2 The array responses to injections o f  4 x 10'6 M  potassium 
hexacyanoferrate(III) without the application o f  filters were obtained. 
The effect o f  two digital filters and their additive effect on signal 
attenuation w ere then calculated with respect to the unfiltered responses. 
The average response o f the radial array attenuation are presented.
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Both the radial and linear arrays were statistically investigated to  evaluate both the 
necessity and effect o f  an on-line array normalisation procedure. Differences in the 
responses from the electrodes comprising the array to  a single injection o f  
hexacyanoferrate(III) were defined as the inter-electrode %RSD, while the differences 
at an individual electrode to multiple injections o f  hexacyanoferrate(III) were defined 
as the inter-injection %RSD. Standard solutions o f  potassium hexacyanoferrate in the 
concentration range 10-7-10_1M  were injected 4 times and the resulting data was 
statistically analysed. Both the inter-electrode and inter-injection % RSD ’s were 
compared for array responses with and without normalisation as described in equation
2.4. Sample data analysis tables are shown in Table 2.3 and Table 2.4. This standard 
format was adopted for all statistical analysis, thus allowing clear comparison between 
the data sets. The results for the unnormalised radial flow cell data are presented in 
Figure 2.15. The results indicate that:
• the %RSD between the electrodes in the array is relatively independent o f  
concentration;
• the %RSD between the electrodes is at least 3-4 times that o f  the RSD for a single 
electrode subjected to multiple injections (17.7% versus 2.8%)(see Figure 2.15);
• the average %RSD for a single electrode subjected to multiple injections (n=4) 
shows a clear decrease with concentration from approximately 7% to 2% in 
contrast to the inter-electrode %RSD which remains constant over the 
concentration range investigated (10'7 M  to 10'1 M  [Fe(CN)6]3")-
2.9.3 Array Normalisation Procedure Evaluation
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Log^ Concentration (M)
Figure 2.15 Plot o f  relative standard deviation between the electrodes (■) and at the 
individual electrodes ( • )  vs. logio molar concentration for 4 repetitive 
injections o f  potassium hexacyanoferrate(III). The radial electrode 
responses are presented here w ithout normalisation.
NO NORMALISATION RADIAL FLOW
CELL
CONCENTRATION IE-7 M CURRENTx 1E-12A
INJECTION NO. 1 2 3 4 MEAN STDEV %RSD
1 17.93 23.14 22.43 16.96 20.12 3.12 15.52
2 16.87 25.64 20.23 17.81 20.14 3.93 19.53
3 19.91 21.36 18.97 19.76 20.00 0.99 4.98
4 19.01 22.98 18.99 17.95 19.73 2.22 11.26
MEAN 18.43 23.28 20.16 19.99
STDEV 1.14 1.53 1.41 1.329
%RSD 7.15 7.59 8.07 6.50
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CONCENTRATION 1E-6M CURRENTx 1E-12A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 185 253 191 186 203.75 32.94 16.17
2 194 276 187 168 206.25 47.78 23.17
3 183 247 175 189 198.50 32.84 16.54
4 181 261 180 176 199.50 41.06 20.58
MEAN 185.75 259.25 183.25 179.75
STDEV 5.74 12.55 7.14 9.61
%RSD 3.09 4.84 3.89 5.34
CONCENTRATION 1E-5M CURRENT X 1E-9A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 1.83 2.66 1.86 1.77 2.03 0.42 20.77
2 1.89 2.49 1.95 1.82 2.04 0.31 15.03
3 1.78 2.58 1.83 1.79 2.00 0.39 19.58
4 1.76 2.62 1.84 1.76 2.00 0.42 20.97
MEAN 1.81 1.81 1.81 1.81
STDEV 0.06 0.07 0.06 0.03
%RSD 3.20 2.81 2.93 1.48
CONCENTRATION 1E-4M CURRENT X 1E-9A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 19.58 25.91 18.83 17.75 20.52 3.67 17.9
2 18.62 24.32 18.04 17.27 19.57 3.22 16.46
3 18.11 25.22 17.92 17.31 19.64 3.74 19.02
4 18.91 25.45 17.98 17.56 19.98 3.69 18.49
MEAN 18.81 25.23 18.19 17.47 19.92
STDEV 0.53 0.58 0.37 0.20
%RSD 3.26 2.65 2.35 1.29
CONCENTRATION 1E-3M CURRENT X  1E-9A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 193.82 284.77 211.84 208.10 224.63 40.84 18.18
2 189.45 283.74 203.28 201.10 219.39 43.33 19.75
3 196.3 293.95 213.15 209.97 228.34 44.35 19.42
4 191.8 285.54 207.12 204.30 222.19 42.76 19.24
MEAN 192.84 287.00 208.85 205.87
STDEV 2.92 4.69 4.53 3.96
%RSD 1.51 1.64 2.17 1.92
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CONCENTRATION 1E-2M CURRENT x 1E-6A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 1.96 3.05 2.32 2.15 2.37 0.48 20.11
2 1.98 3.04 2.35 2.17 2.39 0.46 19.37
3 1.96 3.01 2.35 2.11 2.36 0.46 19.67
4 1.99 3.06 2.31 2.13 2.37 0.48 20.09
MEAN 1.97 3.04 2.33 2.14
STDEV 0.02 0.02 0.02 0.03
%RSD 0.76 0.71 0.88 1.21
CONCENTRATION 1E-1M CURRENT x 1E-6A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 8.86 12.82 10.89 9.93 10.63 4.81 15.83
2 8.67 12.68 10.67 9.89 10.48 4.99 16.07
3 8.84 12.79 10.96 9.72 10.58 5.20 16.19
4 8.72 12.75 10.88 9.86 10.55 5.31 16.21
MEAN 8.77 12.76 10.85 9.85
STDEV 0.09 0.06 0.13 0.09
%RSD 1.05 0.48 1.15 0.93
Table 2.3 Statistical analysis o f electrode array responses for 4 repetitive injections o f  
potassium hexacyanoferrate(III). Both the inter-electrode and the individual 
electrode % RSD ’s are calculated. The data is presented here without 
normalisation.
NORMALISED RADIAL FLOW 
CELL
CONCENTRATION 1E-7M CURRENT X1E-12A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 18.98 20.5 21.19 19.27 19.99 1.04 5.20
2 19.87 23.2 19.81 21.63 21.13 1.62 7.66
3 20.11 21.96 20.16 18.72 20.24 1.33 6.56
4 19.46 20.89 20.19 21.17 20.43 0.77 3.75
! MEAN 19.61 21.64 20.34 20.20
STDEV 0.50 1.21 0.59 1.42
%RSD 2.53 5.60 2.92 7.03
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CONCENTRATION 1E-6M CURRENT X1E-12A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 184 196 193 182 188.75 6.80 3.60
2 178 209 186 193 191.50 13.18 6.88
3 187 214 206 188 198.75 13.40 6.74
4 180 197 191 191 189.75 7.09 3.74
MEAN 182.25 204 194 188.5
STDEV 4.03 8.91 8.52 4.80
%RSD 2.21 4.37 4.39 2.54
CONCENTRATION IE-5M CURRENT X IE-9
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 1.97 2.02 1.93 1.84 1.94 0.08 3.93
2 1.99 2.01 1.97 1.98 1.9875 0.02 0.86
3 1.91 2.04 1.96 1.89 1.95 0.07 3.43
4 1.92 2.05 1.91 2.01 1.97 0.07 3.47
MEAN 1.95 2.03 1.94 1.93
STDEV 0.04 0.02 0.03 0.08
%RSD 1.98 0.90 1.42 4.08
CONCENTRATION 1E-4M CURRENT X  1E-9A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 21.68 22.1 21.89 21.61 21.82 0.22 1.01
2 19.84 21.02 19.94 20.03 20.21 0.55 2.71
3 20.32 20.96 19.54 19.76 20.15 0.64 3.15
4 20.29 21.16 19.62 21.96 20.76 1.02 4.91
MEAN 20.53 21.31 20.25 20.84
STDEV 0.80 0.53 1.11 1.11
%RSD 3.88 2.50 5.48 5.31
CONCENTRATION 1E-3M CURRENT X  1E-9A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 232.78 239.59 240.72 238..01 237.77 3.51 1.48
2 222.06 230.54 226.03 228.09 226.68 3.59 1.58
3 226.34 227.42 228.73 227.84 227.58 0.99 0.44
4 227.45 231.67 236.87 228.74 231.18 4.18 1.81
MEAN 227.16 232.31 233.09 230.67
STDEV 4.41 5.19 6.86 4.90
%RSD 1.94 2.23 2.95 2.13
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CONCENTRATION 1E-2M CURRENTx 1E-6A
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 2.37 2.41 2.41 2.38 2.39 0.02 0.86
2 2.46 2.5 2.51 2.47 2.49 0.02 0.96
3 2.24 2.38 2.38 2.25 2.31 0.08 3.38
4 2.41 2.45 2.52 2.34 2.43 0.08 3.10
MEAN 2.37 2.435 2.455 2.36
STDEV 0.09 0.05 0.07 0.09
%RSD 3.97 2.13 2.87 3.87
CONCENTRATION 1E-1M CURRENT xlE-6
INJECTION NO. E l E2 E3 E4 MEAN STDEV %RSD
1 10.57 10.64 10.58 10.81 10.65 0.11 1.04
2 10.54 10.64 10.6 10.68 10.62 0.06 0.56
3 10.54 10.61 10.58 10.65 10.60 0.05 0.44
4 10.55 10.65 10.56 10.69 10.61 0.07 0.65
MEAN 10.55 10.64 10.58 10.71
STDEV 0.01 0.02 0.02 0.07
%RSD 0.13 0.16 0.15 0.66
Table 2.4. Statistical analysis o f  electrode array responses for 4 repetitive injections 
o f potassium hexacyanoferrate(III). Both the inter-electrode and the 
individual electrode RSD's were calculated. The data presented here have 
been normalised.
The normalised responses are shown in Figure 2.16(a) and 2.16(b). The %RSD 
between the electrodes is considerably reduced from 17.7% to  2.9% and is comparable 
to  the %RSD for a single electrode with multiple injections (2.8%). These results 
demonstrate that averaging o f  the array response without normalisation will introduce 
significant imprecision and error into the results, thus verifying the necessity o f  
applying a normalisation procedure.
Further analysis o f  the data by two factor ANOVA demonstrated that all the inter­
electrode variances differed substantially from the inter-injection variances without 
normalisation. For the unnormalised data, F-tests show that the variances o f  the inter­
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electrode results are significantly different to the inter-injection results, ranging from 
7.66 at 10'7M  ([Fe(CN)6]3') to 1643.68 at 0.1M  (F3i9 critical =  3.86). The improvement 
obtained with normalisation was demonstrated by F-tests which are non-significant at 
concentrations up to  10'4 M (ranging from 0.92 to  2.57) above which they are 
significant but at a level which is greatly reduced (ranging from 5.20 to  15.95) 
compared to the unnormalised responses. At concentrations o f  10'3M  and above, the 
inter-electrode and inter-injection variances begin to  diverge again; hence significant 
F-tests are obtained as a result o f limitations in the normalisation procedure.
Figure 2.16(a). Plot o f  the inter-electrode relative standard deviation (■) vs. log10 
molar concentration potassium hexacyanoferrate(III) for 4 repetitive 
injections. The radial flow cell responses have been normalised.
Further refinement o f  the normalisation procedure is therefore necessary to  achieve a 
situation where none o f  the F-tests are significant (i.e. no significant difference exists
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between the inter-electrode and the inter-injection variances), as otherwise, assembled 
voltammograms from the combined electrode data would be subject to unacceptable 
errors
Figure 2.16(b). Plot o f  relative standard deviation (■) at each individual electrode vs.
log10 molar concentration potassium hexacyanoferrate for 4 repetitive 
injections. The radial array responses have been normalised.
2.9.4 Three-Dimensional Results
Use o f  multielectrode arrays enables a 3-dimensional plot o f  the electrochemical 
response to be obtained, thus enabling features which would normally be hidden in a 
standard two dimensional display to be identified. This has important applications in 
chromatography, where the problem o f two components eluting at the same time can 
be difficult to detect. An amperometric array approach offers a possible solution to 
this problem in a manner similar to that o f  spectrophotometric diode-array peak purity
8 6
elucidation provided there is sufficient resolution (30-50 mV in our experience) 
between the detection potentials o f  the co-eluting species. It is also applicable in FIA 
where simultaneous multicomponent determination without prior separation may be 
possible. However the situation with amperometric arrays is more complicated, as 
unlike PDA’s, the signal is cumulative as the voltage becomes more extreme.
Figure 2.17(a). 3-dimensional post-run presentation (Microsoft Excel) o f  a potassium 
hexacyanoferrate(III) (lx lO '3 M) hydrodynamic voltammogram in 
0.05 M phosphate buffer pH 7.4.
Figure 2.17(a) shows the real-time 3-d display generated by the FIA electrochemical 
array detector (FIA-EA) to an injection o f  10'4 M  potassium hexacyanoferrate(III) (4 
electrodes set initially at 0, 120, 240 and 360 mV with each being stepped by 23.68
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mV to generate 20 virtual channels covering the range 0 to 450 mV) using the linear 
flow cell.
POTENTIAL(mV)
Figure 2.17(b). Hydrodynamic voltammogram o f potassium hexacyanoferrate taken 
from Figure 2.17(a) at 122.5 seconds covering the potential range 
0 to 450 mV.
The electrode in closest proximity to the inlet was polarised in the reduction region for 
potassium hexacyanoferrate(III) i.e. 0 mV. An increasing positive potential was 
applied at each electrode relative to the previous one in the direction o f the outlet. The 
last electrode was polarised in the plateau region for the oxidation o f  
hexacyanoferrate(III). Both the oxidation and reduction peaks can be clearly seen 
demonstrating the quasi-reversible nature o f  the compound. Access to the tabulated 
data within Microsoft-Excel enables 2-dimensional hydrodynamic voltammograms to 
be obtained at any desired time during the analysis run (i.e. i, t slices) see Figure
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2.17(b). This facility increases the amount o f  available information for each 
voltammogram and is important for estimation o f  the half-wave potential for 
qualitative work.
The data at time 122.5 seconds were selected as they correspond to both the oxidation 
and reduction waves being visible on the 3-d display. The reduction wave does not fall
as sharply as expected. The elongated nature o f  the wave probably arises from a
combination o f factors such as iR drop and slow electrode kinetics coupled with the 
use o f  the stepped potential sequence at the electrodes. The halfwave potentials 
obtained from the hydrodynamic voltammogram in Figure 2.17(b) are comparable to 
those obtained using an open cell with commercial instrumentation (Bioanalytical 
Systems CV50W):
• Oxidation halfwave potential: 313 mV : 290 mV (CV50W)
• Reduction halfwave potential: 157 mV : 50 mV (CV50W)
The shifts in potentials are assumed to be a result o f  the differences in the two 
techniques.
The highly reversible nature o f  hydroquinone electrochemistry is shown in Figure 2.18. 
Oxidation and reduction peaks o f  almost equal height are obtained. A carrier stream 
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Figure 2.18. 3-dimensional hydrodynamic voltammogram o f hydroquinone (0.1 M) in 
0.05 M  phosphate buffer pH 7.4.
2.9.5 Flow Injection Analysis of Metal Ions
2.9.5.1 Linearity and Reproducibility o f Copper Response
The linearity and reproducibility o f  array responses to injections o f  Cu(II) ion was 
investigated. A plot o f  logio concentration versus logio current for Cu(II) ions in the 
concentration range 500 ppm to 100 ppb was linear with a slope o f  0.9904 (see Figure 
2.19).
The responses at the individual electrodes to six sequential injections o f  10 ppm 
copper(II) were monitored at a fixed potential o f -250 mV to investigate the 
reproducibility o f  response. The array responses were normalised using the software 
normalisation prior to use. The inter-injection %RSD’s ranged from 1.07 to 3.05%, 
while the inter-electrode %RSD’s ranged from 0.87 to 2.90%. A  summary o f  the 
results are presented in Table 2.5.
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Figure 2.19. Plot logio molar concentration vs. logio current for Cu(II) in the 
concentration range 500 ppm to 100 ppb.
E KuA) E2(uA) E 3(u A) E4<uA) Average Stdev %RSD
96.43 95.43 97.62 94.98 93.08 1.17 126
95.76 92.98 89.43 91.30 9276 2.69 290
94.08 94.15 93.14 95.14 77.97 0.82 1.05
93.52 9276 90.89 95.73 6257 2.00 320
9240 93.87 92.85 89.55 55.93 1.85 3.31
95.60 93.04 91.44 91.78 47.53 1.89 397
Average 94.63 93.71 92.56 93.08
Stdev 1.55 1.01 2.82 2.54
%RSD 1.63 1.07 3.05 2.73
Table 2.5 Analysis o f  array responses to six injections o f  10 ppm copper.
2.9.5.2 Copper and Lead Analysis
The array was then applied to the determination o f copper(II) and lead(II) ions 
separately. Concentrations o f  200 ppm copper(II) and lead(II) ions were injected and
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their voltammograms recorded. A sample 3-dimensional voltammogram o f lead(II) is 
presented in Figure 2.20. The 4 working electrodes o f  the array were set to initial 
potentials o f  -50, -175, -300, -425 respectively. Five potential steps o f  25 mV were 
applied to each electrode to generate a 20 channel response (4 real, 16 virtual) 
covering the potential range -50 to -550 mV. A 100 ms delay was employed before 
sampling the current to minimise charging current effects.
The 2-dimensional voltammograms were taken at the current maxima, from which the 
diffusion current, id, and the half-wave potential (Em) were measured. The half-wave 
potentials for copper(II) and lead(II) in 0.1 M KC1 + 0.5% H N 0 3 were found to -140 
mV and -410 mV respectively, which were similar to those values obtained using a 
BAS CV-50W voltammetric analyser in the linear sweep mode (E 1/2 copper:-95 mV, 
E 1/2 lead:-380 mV). The discrepancies observed in the half-wave potentials are 
probably due to iR drop resulting from differences in cell configurations.
Figure 2.20 3-dimensional voltammogram o f 200 ppm lead(II) nitrate. Conditions: 
mobile phase 0.1 M KC1 and 0.5% H N O 3 ; flow rate 0.5 ml/min.
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Relative standard deviations o f  5.1% for copper(II) and 2.6% for lead(II) at their half­
wave potentials were obtained for repetitive injections o f the ions (n=4). The %RSD’s 
for both metals were reduced to less than 2% in the diffusion limited plateau which is 
more stable than the halfwave potential region.
2-dimensional voltammograms obtained for injections o f  100 and 200 ppm lead(II) in 
0.1 M KC1 and 0.5% nitric acid are shown in Figure 2.21. The voltammograms 
demonstrate a linear decrease in diffusion current with concentration.
Figure 2.21. 2-dimensional voltammograms o f  200 ppm Pb(II) (O) and 100 ppm 
Pb(II)(«) in 0.1 M KC1 and 0.5% nitric acid.
Plots o f  log™ [id/(id-i)] versus E (mV) in the concentration range 250 ppm to 50 ppb 
for both copper(II) and lead(II) yielded linear plots which are presented in Figure 2.22.
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These plots indicate that the metals ions are reversibly reducible under these 
conditions.
P o t e n t i a l  ( m V 5  v s .  Aq/AqC\
Figure 2.22 Plot o f  logio (i/id-i) vs. potential (mV) for copper(II) (•) and lead(II) (■).
2.9.5.3 M ulticomponent Determinations
FIA requires selectivity in detection, which has led to the use o f  a number o f selective 
detectors such as ion-selective electrodes, photo-diode arrays and enzyme-based 
biosensors. Normal fixed potential amperometric detectors generally provide poor 
selectivity; therefore separation o f  the individual components is generally required for 
analysis o f  mixtures. The use o f  an amperometric array offers a possible solution to 
this problem in certain cases, where there is sufficient resolution in the reduction or 







Figure 2.23. 3-dimensional voltammogram o f Cu(II), Fe(III) and a mixture o f  both 
metal ions at a concentration o f  250 ppm. Conditions: mobile phase; 
0.05 M phosphate buffer; flow rate 0.5 ml min'1.
Figure 2.23 shows the 3-dimensional voltammograms obtained from injections o f  250 
ppm Fe(III), 250 ppm Cu(II) and a mixture o f  both metal ions at a concentration o f  
250 ppm respectively. The manner in which the Fe(III) and Cu(II) signals are additive 
to form the mixed injection peak is clearly visible. The three dimensional definition o f  
the peaks allow each peak to be easily identified.
Their respective 2-dimensional voltammograms taken at the current maxima are shown 
in Figure 2.24. The two electron reduction o f  copper(II) ions, compared to the single 
electron reduction o f  iron(III), are clearly reflected in the magnitude o f  their 
respective reductive current responses (id for Cu(II) = 3.2jjA, id for Fe(III) = 1.7jiA). 
The signal resulting from the addition o f  the individual voltammograms is overlaid with 
the voltammogram obtained from the mixed injection for comparison purposes.
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Figure 2.24. N o r m a l i s e d  2 - d i m e n s i o n a l  v o l t a m m o g r a m s  o f  2 5 0  p p m  F e ( I I I ) ( « ) .  2 5 0  
p p m  C u ( I I ) ( 0 ) ,  m i x e d  i n j e c t i o n  v o l t a m m o g r a m  ( D ) ( 2 5 0  p p m  o f  b o t h  
F e ( I I I )  a n d  C u  ( I I )  a n d  a d d i t i o n  o f  t h e  i n d i v i d u a l  v o l t a m m o g r a m s  o f
F e ( I I I )  a n d  C u ( I I ) ( A ) .  C o n d i t i o n s :  m o b i l e  p h a s e  0 . 0 5  M  p h o s p h a t e
b u f f e r ;  f l o w  r a t e  0 . 5  m l / m i n .
F r o m  F i g u r e  2 . 2 4  i t  i s  c l e a r  t h a t  t h e  i n d i v i d u a l  c o m p o n e n t s  a r e  n o t  f u l l y  a d d i t i v e  
b e t w e e n  t h e  p o t e n t i a l  r a n g e  - 6 5  m V  t o  - 2 5 0  m V .  T h i s  p r o b a b l y  r e s u l t s  f r o m  
c o m p e t i t i o n  b e t w e e n  t h e  m e t a l  i o n s  f o r  r e d u c t i o n  s i t e s  o n  t h e  e l e c t r o d e  s u r f a c e s .  T h i s  
d i f f e r e n c e ,  w h i c h  r e m a i n s  c o n s t a n t  o n c e  t h e  h a l f - w a v e  p o t e n t i a l  o f  c o p p e r ( I I )  i s  
r e a c h e d ,  c o u l d  b e  c o m p e n s a t e d  f o r  b y  t h e  i n c l u s i o n  o f  a  w e i g h t i n g  f a c t o r  t o  a d j u s t  t h e  
r e s p o n s e s  a p p r o p r i a t e l y  f o r  q u a n t i t a t i v e  a n a l y s i s .
T h e  r e s u l t s  i n d i c a t e  t h a t  i t  i s  f e a s i b l e  t o  d e t e r m i n e  a  n u m b e r  o f  c o m p o n e n t s
s i m u l t a n e o u s l y  w i t h  a n  a m p e r o m e t r i c  a r r a y  p r o v i d e d  t h e  f o l l o w i n g  c r i t e r i a  a r e
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•  t h e  r e d u c t i o n  o r  o x i d a t i o n  p o t e n t i a l s  o f  t h e  a n a l y t e s  b e i n g  d e t e r m i n e d  a r e  
s u f f i c i e n t l y  r e s o l v e d ;
•  n o  c h e m i c a l  i n t e r f e r e n c e  o c c u r s  a t  t h e  e l e c t r o d e  s u r f a c e s ;
•  t h e  c o m p e t i t i v e  p r o c e s s e s  a t  t h e  w o r k i n g  e l e c t r o d e  s u r f a c e s  a r e  p r e d i c t i v e  ( i d e a l l y  
a d d i t i v e ) .
T h e  2 - d i m e n s i o n a l  r e s p o n s e s  o b t a i n e d  i n  c h r o m a t o g r a p h y  a n d  F I A  c a n  b e  l i m i t e d  i n  
t h e i r  i n f o r m a t i o n  c o n t e n t ,  t h u s  m a s k i n g  f e a t u r e s  w h i c h  c o u l d  b e  i d e n t i f i e d  i n  a  3 - D  
r e s p o n s e .  S i n g l e  f i x e d  p o t e n t i a l  w o r k i n g  e l e c t r o d e s  a r e  u n a b l e  t o  r e s o l v e  m i x t u r e s ,  
w h i l e  d u a l  e l e c t r o d e s  a r e  l i m i t e d  i n  t h e  e x t e n t  o f  t h e i r  a p p l i c a t i o n s .  T h e  u s e  o f  a n  
a m p e r o m e t r i c  a r r a y  p r o v i d e s  a  l e v e l  o f  i n f o r m a t i o n  w h i c h  a l l o w s  a  g r e a t e r  l e v e l  o f  
c o n f i d e n c e  i n  p e a k  a s s i g n m e n t s  a n d  a s s e s s m e n t  o f  p e a k  p u r i t y .
2.9.6 Biosensor/Interference Studies
2.9.6.1 Introduction
I n  t h i s  w o r k  d i f f e r e n t i a l  m e a s u r e m e n t s  w e r e  u s e d  t o  n o r m a l i s e  a  g l u c o s e  s e n s o r  
r e s p o n s e s  f o r  i n t e r f e r e n c e  e f f e c t s  a s  o u t l i n e d  b y  J a n a t a  [ 8 9 ] ,  T w o  i d e n t i c a l  s e n s o r s  
w e r e  p r e p a r e d  w i t h  t h e  g l u c o s e  o x i d a s e  b e i n g  o m i t t e d  f r o m  o n e  o f  t h e m .  T h e  s e n s o r  
t h e n  a c t s  a s  a  r e f e r e n c e  d e v i c e  r e s p o n d i n g  o n l y  t o  e l e c t r o - a c t i v e  s p e c i e s  p r e s e n t  i n  t h e  
s a m p l e .  T h i s  s i g n a l  w e r e  t h e n  b e  s u b t r a c t e d  f r o m  t h e  t o t a l  s i g n a l  o b t a i n e d  a t  t h e  
e n z y m e  s e n s o r  t o  n o r m a l i s e  i t s  r e s p o n s e ,  p r o v i d e d  t h e  s i g n a l s  a r e  a d d i t i v e .  T h i s  
r e g i m e  o f  i n t e r f e r e n c e  c o m p e n s a t i o n  h a s  b e e n  a p p l i e d  t o  t h e  d e t e r m i n a t i o n  o f  g l u c o s e  
w i t h  a c e t a m i n o p h e n  a n d  u r i c  a c i d  p r e s e n t  a s  i n t e r f e r e n c e s  u s i n g  F I A .  C y c l i c  
v o l t a m m e t r y  ( C V )  w a s  u s e d  t o  i n v e s t i g a t e  t h e  a d d i t i o n  e f f e c t  o f  t h e  i n t e r f e r e n c e  s i g n a l
complied with:
o n  t h e  t o t a l  a n a l y t e  s i g n a l .  T h e  s e n s o r  d e s i g n  w a s  b a s e d  o n  t h e  u s e  o f  g l u t a r a l d e h y d e  
t o  i m m o b i l i s e  g l u c o s e  o x i d a s e  o n t o  a  g l a s s y  c a r b o n  e l e c t r o d e .  S e n s o r s  b a s e d  o n  t h e  
u s e  o f  g l u t a r a l d e h y d e  a r e  p a r t i c u l a r l y  s u s c e p t i b l e  t o  i n t e r f e r e n c e s  e f f e c t s  b e c a u s e  o f  
t h e i r  i n a b i l i t y  t o  r e j e c t  c h a r g e d  m o l e c u l e s  a n d  t h e r e f o r e  w a s  u s e d  f o r  t h i s  s t u d y .  T h e  
c o m p u t e r  c o n t r o l l e d  m u l t i c h a n n e l  p o t e n t i o s t a t  w a s  u s e d  f o r  p o t e n t i a l  a p p l i c a t i o n  a n d  
c u r r e n t  m e a s u r e m e n t  d u t i e s .
2.9.6.2 Electrode Preparation
T h e  w o r k i n g  e l e c t r o d e s  w e r e  f i r s t  p o l i s h e d  w i t h  6  ( J .m  a l u m i n a  ( B A S )  a n d  t h e n  
p o l i s h e d  o n  a  s e c o n d  m o i s t  p o l i s h i n g  p a d  w i t h o u t  a l u m i n a  f o l l o w e d  b y  s o n i c a t i o n  i n  
d e i o n i s e d  w a t e r  f o r  3  m i n u t e s  t o  r e m o v e  a n y  p a r t i c u l a t e  m a t t e r  b e f o r e  m o d i f i c a t i o n .  
0 . 0 0 2  g  o f  a l b u m i n  w a s  d i s s o l v e d  i n  1 0 0  ¡ a l  o f  p h o s p h a t e  b u f f e r ,  p H  7 . 4  t o g e t h e r  w i t h
0 . 0 0 1  g  o f  g l u c o s e  o x i d a s e .  2 0  | i l  o f  t h i s  s o l u t i o n  w a s  m i x e d  w i t h  1 0  | i l  o f  a  1 %  
g l u t a r a l d e h y d e  s o l u t i o n .  2  f i l  o f  t h i s  s o l u t i o n  w a s  t h e n  a p p l i e d  t o  t h e  e l e c t r o d e  s u r f a c e  
a n d  d r i e d  c a r e f u l l y  w i t h  a n  a i r  g u n  b e f o r e  i n s e r t i o n  i n t o  t h e  f l o w  c e l l .  T h e  “ b l a n k  
e l e c t r o d e s ”  w e r e  p r e p a r e d  i n  a n  i d e n t i c a l  f a s h i o n  b u t  w i t h  t h e  e x c l u s i o n  o f  g l u c o s e  
o x i d a s e  a n d  w e r e  d e s i g n a t e d  t h e  n a m e  “ r e f e r e n c e ”  s e n s o r s .  T h e  s e n s o r s  w e r e  
p o l a r i s e d  a t  + 7 0 0  m V  v s .  A g / A g C l  r e f e r e n c e  e l e c t r o d e  f o r  a l l  m e a s u r e m e n t s .  N e w l y  
p r e p a r e d  s e n s o r s  w e r e  a l l o w e d  t o  e q u i l i b r a t e  f o r  3 0  m i n u t e s  p r i o r  t h e  i n j e c t i o n  o f  
s a m p l e s .  S e n s o r s  f o r  t h e  C V  s t u d i e s  w e r e  p r e p a r e d  i n  a n  i d e n t i c a l  m a n n e r  t o  t h e  
s e n s o r s  u s e d  d u r i n g  F I A  m e a s u r e m e n t s .
2.9.6.3 Instrumentation
T h e  c o m p u t e r  c o n t r o l l e d  m u l t i c h a n n e l  p o t e n t i o s t a t  w a s  u s e d  t o  p o l a r i s e  a n d  m o n i t o r
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b o t h  t h e  g l u c o s e  a n d  r e f e r e n c e  s e n s o r s  D i s p l a y  o f  t h e  s e n s o r  r e s p o n s e s  w e r e  a v a i l a b l e  
o n - l i n e .  T h e  r e s p o n s e s  f r o m  t h e  g l u c o s e  s e n s o r  a n d  t h e  r e f e r e n c e  s e n s o r  w e r e  
d i s p l a y e d  w i t h  d i f f e r e n t  c o l o u r s  t o  d i s t i n g u i s h  c l e a r l y  b e t w e e n  t h e m .  A  5 - m o v i n g  p o i n t  
a v e r a g i n g  f i l t e r  w a s  u s e d  o n - l i n e  t o  r e d u c e  n o i s e .  T h e  c u r r e n t  o f f - s e t t i n g  c a p a b i l i t y  o f  
t h e  p o t e n t i o s t a t  w a s  u s e d  t o  t h e  s e t  t h e  s e n s o r  b a c k g r o u n d s  t o  z e r o .  T h e  a c q u i r e d  
d a t a  w a s  s a v e d  i n  A S C I I  f o r m a t  f o r  p o s t - r u n  d a t a  a n a l y s i s  i n  M i c r o s o f t  E x c e l .  A  B A S  
C V - 5 0 W  v o l t a m m e t r i c  a n a l y s e r  w a s  u s e d  f o r  a l l  C V  m e a s u r e m e n t s .
Figure 2 . 2 5 ( a ) .  N o r m a l i s e d  FIA r e s p o n s e s  t o  a n  i n j e c t i o n  o f  1 x 1 O '5 M  a c e t a m i n o p h e n  
a t  b o t h  t h e  g l u c o s e  a n d  r e f e r e n c e  s e n s o r
2.9.1 A  FIA Studies
I n  g e n e r a l ,  t h e  t i m e  n e e d e d  f o r  a  p e a k  t o  a p p e a r  a n d  r e t u r n  t o  t h e  o r i g i n a l  b a s e l i n e  i n  
F I A  w a s  l e s s  t h a n  3 0  s e c o n d s .  T h e  p e a k  c u r r e n t  ( I p)  w a s  r e a c h e d  i n  u n d e r  1 0  s e c o n d s  
f o r  a l l  s e n s o r s  f a b r i c a t e d  i r r e s p e c t i v e  o f  t h e  s a m p l e  i n j e c t e d .  F i g u r e  2 . 2 5 ( a )  s h o w s
99
b o t h  s e n s o r  r e s p o n s e s  t o  a n  i n j e c t i o n  o f  1 x  1 0 ' s  M  a c e t a m i n o p h e n .  T h e s e  r e s p o n s e s  
h a v e  b e e n  n o r m a l i s e d  u s i n g  t h e  s o f t w a r e  n o r m a l i s a t i o n  p r o c e d u r e .  T h e  s o f t w a r e  
n o r m a l i s a t i o n  p r o c e d u r e  i s  n e c e s s a r y  t o  c o m p e n s a t e  f o r  d i f f e r e n c e s  i n  e l e c t r o d e  
s u r f a c e s  s u c h  a s  f i l m  t h i c k n e s s  a n d  s u r f a c e  a r e a .
T h e  s e n s o r  r e s p o n s e s  t o  a n  i n j e c t i o n  o f  1 x  1 0 ‘5 M  u r i c  a c i d  a r e  s h o w n  i n  F i g u r e  
2 . 2 5 ( b )  w i t h o u t  n o r m a l i s a t i o n .  T h e  d i f f e r e n c e s  i n  t h e  s e n s o r  r e s p o n s e s  a r e  c l e a r l y  
v i s i b l e  a n d  w o u l d  i n t r o d u c e  a  s i g n i f i c a n t  e l e m e n t  o f  e r r o r  i n t o  t h e  m e a s u r e m e n t s  


















Figure 2.25(b). FIA r e s p o n s e s  to a n  i n j e c t i o n  o f  1 x  10‘5 M u r i c  a c i d  a t  b o t h  t h e  
g l u c o s e  a n d  r e f e r e n c e  s e n s o r s  w i t h o u t  n o r m a l i s a t i o n .
T h e  r e s p o n s e s  o f  b o t h  s e n s o r s  t o  a n  i n j e c t i o n  o f  10 m M  g l u c o s e  a r e  p r e s e n t e d  i n  
F i g u r e  2.26. T h e  r e f e r e n c e  s e n s o r  d e m o n s t r a t e s  n o  v i s i b l e  r e s p o n s e  t o  g l u c o s e  a s
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e x p e c t e d .  T h e  b i o s e n s o r  r e s p o n s e  w a s  a p p r o x i m a t e l y  4 5  n A  i n  m a g n i t u d e ;  h o w e v e r ,  
t h e  m a g n i t u d e  o f  t h i s  r e s p o n s e  d i d  v a r y  w i t h  d i f f e r e n t  s e n s o r s .  0 . 0 5  M  p h o s p h a t e  
b u f f e r ,  p H  7 . 4  a n d  1 m M  h e x a c y a n o f e r r a t e ( I I I )  ( p r e s e n t  a s  a  m e d i a t o r )  w a s  u s e d  a s  t h e  
c a r r i e r  s t r e a m  f o r  a l l  F I A  m e a s u r e m e n t s .  T h e  r e p r o d u c i b i l i t y  o f  t h e  b i o s e n s o r  r e s p o n s e  
w a s  i n v e s t i g a t e d  w i t h  r e p e t i t i v e  i n j e c t i o n s  o f  1 0  m M  g l u c o s e .  T h e  % R S D  w a s  
c a l c u l a t e d  a t  3 . 6 %  f o r  5  r e p e t i t i v e  i n j e c t i o n s .
Time (s)
F i g u r e  2 . 2 6 .  R e s p o n s e s  t o  a n  i n j e c t i o n  o f  1 0  m M  g l u c o s e  a t  t h e  g l u c o s e  a n d  r e f e r e n c e  
s e n s o r s .  C o n d i t i o n s :  f l o w  r a t e :  0 . 3  m l  m i n ' 1, c a r r i e r  s t r e a m  0 . 0 5  M  
p h o s p h a t e  b u f f e r  p H  7 . 4  a n d  1 m M  h e x a c y a n o f e r r a t e ( I I I ) .
T h e  e f f e c t  o f  t h e  c o m m o n  c l i n i c a l  i n t e r f e r e n c e  a c e t a m i n o p h e n  a t  a  c o n c e n t r a t i o n  o f  1 x  
1 0 '5 M  o n  t h e  b i o s e n s o r  r e s p o n s e s  t o  i n j e c t i o n s  o f  1 0  m M  g l u c o s e  w a s  t h e n  e x a m i n e d .  
F i g u r e s  2 . 2 7 ( a )  a n d  ( b )  d e m o n s t r a t e  t h e  p r i n c i p l e  o f  t h e  d i f f e r e n t i a l  m e a s u r e m e n t s
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u t i l i s e d  i n  t h i s  s t u d y .  T h e  s e n s o r  r e s p o n s e s  t o  i n j e c t i o n s  o f  1 x  1 0 ' 5 M  a c e t a m i n o p h e n  
w e r e  n o r m a l i s e d  p r i o r  t o  u s e .  T h e  r e s p o n s e s  o f  t h e  s e n s o r s  t o  a n  i n j e c t i o n  o f  1 0  m M  
g l u c o s e  a n d  1 x  1 0 '5 M  a c e t a m i n o p h e n  a r e  p r e s e n t e d  i n  F i g u r e  2 . 2 7 ( a ) .  T h e  b i o s e n s o r  
r e s p o n s e  t o  a  s e p a r a t e  i n j e c t i o n  o f  1 0  m M  g l u c o s e  i s  a l s o  i n c l u d e d .
Time (s)
Figure 2 . 2 7 ( a ) .  F I A  r e s p o n s e s  t o  a n  i n j e c t i o n  o f  1 0  m M  g l u c o s e  + 1  x  1 0 ' 5 M  
a c e t a m i n o p h e n  f o r  t h e  g l u c o s e  s e n s o r  a n d  t h e  r e f e r e n c e  s e n s o r .  T h e  
b i o s e n s o r  r e s p o n s e  t o  a  s e p a r a t e  i n j e c t i o n  o f  1 0  m M  g l u c o s e  i s  a l s o  
i n c l u d e d .  C o n d i t i o n s :  f l o w  r a t e  0 . 3  m l  m i n ' 1,  c a r r i e r  s t r e a m  0 . 0 5  M  
p h o s p h a t e  b u f f e r ,  p H  7 . 4  a n d  1 m M  h e x a c y a n o f e r r a t e ( I I I ) ,  e l e c t r o d e  
p o l a r i s a t i o n  + 7 0 0  m V  v e r s u s  A g / A g C l  r e f e r e n c e  e l e c t r o d e .
T h e  b i o s e n s o r  s i g n a l  c o m p r i s e s  o f  t h e  a d d i t i v e  e f f e c t  o f  b o t h  t h e  g l u c o s e  a n d  
a c e t a m i n o p h e n  s i g n a l s .  T h e r e f o r e  t h e  r e f e r e n c e  s i g n a l  c a n  b e  s u b t r a c t e d  f r o m  t h e
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b i o s e n s o r  s i g n a l  t o  g i v e  a  c o r r e c t e d  m e a s u r e m e n t  o f  t h e  g l u c o s e  c o n c e n t r a t i o n  w h i c h  i s  
f r e e  f r o m  i n t e r f e r e n c e  c o n t r i b u t i o n s .  T h e  c o r r e c t e d  g l u c o s e  s i g n a l  i s  p r e s e n t e d  
t o g e t h e r  w i t h  t h e  b i o s e n s o r  r e s p o n s e  t o  a  s e p a r a t e  i n j e c t i o n  o f  1 0  m M  g l u c o s e  i n  
F i g u r e  2 . 2 7 ( b ) .  C l o s e  a g r e e m e n t  i n  t h e  m a g n i t u d e  o f  t h e  s i g n a l s  w a s  o b t a i n e d .
Time (s)
Figure 2 . 2 7 ( b )  T h e  c o r r e c t e d  b i o s e n s o r  r e s p o n s e  f o r  a n  i n j e c t i o n  o f  1 0  m M  g l u c o s e  
w i t h  1 x  1 0 ' 5 a c e t a m i n o p h e n  o b t a i n e d  b y  t h e  s u b t r a c t i o n  o f  t h e  
r e f e r e n c e  s i g n a l  f r o m  t h e  b i o s e n s o r  r e s p o n s e  ( p r e s e n t e d  i n  F i g u r e  
2 . 2 7 ( a ) ) .  T h e  b i o s e n s o r  r e s p o n s e  t o  a  s e p a r a t e  i n j e c t i o n  o f  1 0  m M  
g l u c o s e  i s  p r e s e n t e d  f o r  c o m p a r i s o n  p u r p o s e s .
T h e  r e p r o d u c i b i l i t y  o f  t h e  r e f e r e n c e  s e n s o r  r e s p o n s e  t o  a c e t a m i n o p h e n  w a s  
i n v e s t i g a t e d  b y  s u c c e s s i v e  i n j e c t i o n s  o f  1 x  1 0 ’5 M  a c e t a m i n o p h e n .  A  % R S D  o f  3 . 0 %  
w a s  o b t a i n e d  f o r  5  r e p e t i t i v e  i n j e c t i o n s .  A  h i g h  d e g r e e  o f  r e p r o d u c i b i l i t y  i n  t h e
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Ir e f e r e n c e  s e n s o r  r e s p o n s e  t o  a c e t a m i n o p h e n  i s  r e q u i r e d  t o  p r e v e n t  t h e  i n t r o d u c t i o n  o f  
e r r o r  w h e n  s u b t r a c t i n g  t h i s  r e s p o n s e  f r o m  t h e  b i o s e n s o r  r e s p o n s e .
2.9.6.5 Cyclic Voltammetry Studies
C y c l i c  v o l t a m m e t r y  w a s  u s e d  t o  v e r i f y  t h e  r e s u l t s  o b t a i n e d  i n  t h e  F I A  m e a s u r e m e n t s .  
T h e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  i n  0 . 0 5  M  p h o s p h a t e  b u f f e r  u n d e r  b a t c h  
c o n d i t i o n s ,  p H  7 . 4  a n d  h e x a c y a n o f e r r a t e ( I I I )  a t  a  c o n c e n t r a t i o n  o f  1 m M .  N o  d i s t i n c t  
p e a k s  w e r e  o b s e r v e d  i n
0 2 0 0  4 0 0  6 0 0  8 0 0  1000
P o t e n t i a l  ( m V )
F i g u r e  2 . 2 8  C y c l i c  v o l t a m m o g r a m s  o f  ( A )  1 0  m M  g l u c o s e ,  ( B )  1 x  1 0 ' 5 M  
a c e t a m i n o p h e n  a n d  ( C )  a  m i x t u r e  o f  1 0  m M  g l u c o s e  a n d  1 x  1 0 ' 5 M  
a c e t a m i n o p h e n  a t  a  g l u c o s e  b i o s e n s o r .  A l l  s c a n s  w e r e  c a r r i e d  o u t  i n
0 . 0 5  M  p h o s p h a t e  b u f f e r  p H  7.4 a n d  1 m M  h e x a c y a n o f e r r a t e ( I I I ) .  
C o n d i t i o n s :  s c a n  r a t e  2 0  m V  s ' 1,  p o t e n t i a l  r a n g e  0  t o  + 9 5 0  m V .
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t h e  C V  b e h a v i o u r .  N e w  s e n s o r s  w e r e  p r e p a r e d  f o r  e a c h  C V  m e a s u r e m e n t  t o  p r e v e n t  
s a m p l e  c a r r y - o v e r  e f f e c t s .  A t  E700 mv t h e  r e s p o n s e  d u e  t o  G O x / l O  m M  g l u c o s e  
r e a c t i o n  w a s  f o u n d  t o  b e  4 1 2  n A  i n  m a g n i t u d e .  T h e  c o r r e s p o n d i n g  r e s p o n s e  f o r  
a c e t a m i n o p h e n  a t  E700 mv  w a s  665 n A .  T h e  C V  b e h a v i o u r  o f  t h e  g l u c o s e  a n d  
a c e t a m i n o p h e n  m i x t u r e  e x h i b i t s  a  c u r r e n t  o f  1 2 3 0  a t  E 7 o o m v  ( s e e  F i g u r e  2 . 2 8 )  w h i c h  i s  
a  d i f f e r e n c e  o f  1 5 3  n A  f r o m  t h e  s u m  o f  t h e  i n d i v i d u a l  c u r r e n t s  i . e .  1 0 7 7  n A .
T h e  d i s c r e p a n c i e s  o b t a i n e d  a r e  p r o b a b l y  d u e  t o  d i f f e r e n c e s  i n  t h e  t h i c k n e s s  o f  t h e  
d i f f e r n t  s e n s o r  m e m b r a n e s .  T h e  C V  m e a s u r e m e n t s  i n d i c a t e  t h a t  t h e  c u r r e n t  r e s p o n s e s  
a r e  p r o b a b l y  a d d i t i v e  u n d e r  t h e s e  c o n d i t i o n s ,  w h i c h  i s  i n  a g r e e m e n t  w i t h  t h e  F I A  
r e s p o n s e s  p r e s e n t e d  i n  F i g u r e  2 . 2 7 ( a ) .  T h e s e  o b s e r v a t i o n s  a r e  a l s o  i n  a c c o r d a n c e  w i t h  
t h o s e  o f  M a l e  a n d  L o u n g  [ 8 9 ] ,  S i n g l e  i n t e r f e r e n t  s i g n a l s  o f  e i t h e r  a c e t a m i n o p h e n  o r  
u r i c  a c i d  w e r e  f o u n d  t o  b e  a d d i t i v e  t o  t h e  g l u c o s e  s i g n a l  a t  a  g l u c o s e  b i o s e n s o r .
2.9.6.6 Kinetic Parameters
F i g u r e  2 . 2 9  s h o w s  t h e  c a l i b r a t i o n  p l o t  o f  t h e  a v e r a g e  s e n s o r  r e s p o n s e s  t o  i n j e c t i o n s  o f  
g l u c o s e  i n  t h e  c o n c e n t r a t i o n  r a n g e  0 . 4 - 2 0 . 0  m M  g l u c o s e .  B o t h  K ' m  a n d  I ™ «  w e r e  
e s t i m a t e d  u s i n g  M i c h a e l i s - M e n t e n  k i n e t i c s .  A n  a v e r a g e  K ' m o f  3 . 4  m M  a n d  a n  I raax o f  
6 6 0  n A  c m ’2 w e r e  o b t a i n e d .  T h e  r a t i o  o f  I ma* \ K 'm c a n  b e  u s e d  a s  a  m e a s u r e  o f  c a t a l y t i c  
e f f i c i e n c y  o r  s e n s i t i v i t y  o f  t h e  s e n s o r  f o r  g l u c o s e  [ 9 0 ] ,  T h e  a v e r a g e  I max\ K ' m o f  t h e  
s e n s o r  w a s  c a l c u l a t e d  t o  b e  1 9 5  n A  c m ' 2 m M ' 1.
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Concentration (mM)
Figure 2 . 2 9 .  P l o t  o f  c o n c e n t r a t i o n  ( m M )  v e r s u s  c u r r e n t  f o r  i n j e c t i o n s  o f  g l u c o s e  i n  t h e  
c o n c e n t r a t i o n  r a n g e  0 . 4 - 2 0  m M .  C o n d i t i o n s :  f l o w  r a t e  0 . 3  m l  m i n ' 1, 
m o b i l e  p h a s e ;  0 . 0 5  M  p h o s p h a t e  b u f f e r ,  p H  7 . 4  a n d  1 m M  
h e x a c y a n o f e r r a t e ( I I I ) ,  e l e c t r o d e  p o l a r i s a t i o n ;  + 7 0 0  m V  v e r s u s  A g / A g C l  
r e f e r e n c e  e l e c t r o d e .
2.9.6.7 Conclusion
T h e  p r i n c i p l e  u s e d  i n  t h i s  s t u d y  c a n  e a s i l y  b e  e x t e n d e d  t o  o t h e r  b i o s e n s o r - i n t e r f e r e n c e  
s y s t e m s .  T h e  p o s s i b l e  g e n e r a l  a p p l i c a b i l i t y  o f  t h e  s y s t e m  c o u l d  n e g l e c t  t h e  n e c e s s i t y  o f  
d e v e l o p i n g  i n d i v i d u a l  i n t e r f e r e n c e  c o m p e n s a t i o n  r e g i m e s  f o r  i n d i v i d u a l  s e n s o r  s y s t e m s .
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H o w e v e r ,  t h i s  t y p e  o f  p o s t - r u n  i n t e r f e r e n c e  c o m p e n s a t i o n  i s  d i f f i c u l t  w i t h o u t  t h e  u s e  a  
c o m p u t e r  c o n t r o l l e d  m u l t i c h a n n e l  p o t e n t i o s t a t .  T h e  u s e  o f  a  c o m p u t e r i s e d  
i n s t r u m e n t a t i o n  f a c i l i t a t e s  e a s y  m a n i p u l a t i o n  o f  t h e  c o m p e n s a t i o n  p a r a m e t e r s .  A  h i g h  
d e g r e e  o f  f l e x i b i l i t y  i s  r e q u i r e d  t o  a c c o m m o d a t e  t h e  i n h e r e n t  v a r i a t i o n s  i n v o l v e d  i n  t h e  
f a b r i c a t i o n  o f  b i o s e n s o r s .  D i f f e r e n c e s  i n  s e n s o r  b a c k g r o u n d  c u r r e n t s  a r e  
a c c o m m o d a t e d  b y  t h e  b a c k g r o u n d  o f f s e t t i n g  c a p a b i l i t y  o f  t h e  p o t e n t i o s t a t  ( ± 2 0 0 . 0  
n A ) .  A c c u r a t e  m e a s u r e m e n t  o f  b o t h  t h e  a n a l y t e  o f  i n t e r e s t  a n d  t h e  i n t e r f e r e n c e s  i s  
p o s s i b l e  d u e  t o  t h e  s i m u l t a n e o u s l y  m e a s u r e m e n t  o f  b o t h  s i g n a l s  i n  a  p a r a l l e l  f l o w  
g e o m e t r y .  M o d i f i c a t i o n  o f  t h e  s o f t w a r e  w o u l d  a l l o w  f l e x i b i l i t y  i n  a d a p t a t i o n  o f  t h e  
s y s t e m  t o  o t h e r  d e t e r m i n a t i o n s  w h e r e  i n t e r f e r e n c e s  a r e  p r e s e n t .  D e v e l o p m e n t  o f  a  
m i n i a t u r e  s t a n d - a l o n e  i n s t r u m e n t  i s  t h e  n e x t  s t e p  i n  m a k i n g  t h e  a p p l i c a b i l i t y  o f  t h i s  t y p e  
o f  m e a s u r e m e n t  a  f e a s i b l e  o p t i o n  i n  m a n y  b i o s e n s o r - i n t e r f e r e n c e  s y s t e m s .  F u r t h e r  
w o r k  i n  t h i s  a r e a  c o u l d  l e a d  t o  t h e  d e v e l o p m e n t  o f  s e n s i n g  s y s t e m s  t h a t  c a n  c o p e  w i t h  
t h e  p r o b l e m s  o f  “ r e a l  w o r l d ”  m e a s u r e m e n t s .  E x t e n s i o n  o f  t h e  s y s t e m  t o  a c c o m m o d a t e  
m u l t i p l e  s e n s o r s  o r  t h e  i m p l e m e n t a t i o n  o f  s e n s o r  r e d u n d a n c y  s c h e m e s  t o  i n c r e a s e  t h e  
r e l i a b i l i t y  o f  t h e  a n a l y s i s  s y s t e m  i s  a l s o  p o s s i b l e .
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CHAPTER 3
DESIGN, EVALUATION AND APPLICATION OF 
A FOUNTAIN TYPE FLOW CELL WITH 
SEQUENTIAL INJECTION ANALYSIS
3.1 Introduction
A  v a r i e t y  o f  f l o w  c e l l  g e o m e t r i e s  h a v e  b e e n  d e s c r i b e d  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n  a s  
o u t l i n e d  i n  C h a p t e r  1 .  D e s i r a b l e  f l u i d - f l o w  p r o p e r t i e s  i n  a  f l o w  c e l l  a r e  l o w  o r  
c o n t r o l l e d  d i s p e r s i o n ,  l o w  d e a d  v o l u m e  a n d  m i n i m a l  t r a n s i t i o n s  f r o m  o n e  f l o w  c r o s s  
s e c t i o n  t o  a n o t h e r  [ 9 2 - 9 5 ] ,  T h e s e  p a r a m e t e r s  a r e  p a r t i c u l a r l y  c r i t i c a l  i n  f l o w  c e l l s  u s e d  
f o r  o p t i c a l  d e t e c t i o n .  D i s p e r s i o n  i s  a  p r o b l e m  i n  s t o p - f l o w  m e a s u r e m e n t s  b e c a u s e  o f  
t h e  d i f f i c u l t y  i n  s t o p p i n g  r e p r o d u c i b l y  t h e  s a m e  p a r t  o f  t h e  s a m p l e  z o n e  i n  t h e  d e t e c t o r  
[ 9 3 ] ,  P a v a n  e t  a l .  h a v e  d e s c r i b e d  t h e  w i d e  v a r i e t y  o f  a n a l y s i s  b a s e d  o n  s t o p p e d - f l o w  
a n d  i n j e c t i o n  o p t o s e n s i n g ;  h o w e v e r ,  t h e y  r e p o r t e d  t h a t  a n  i d e a l  f l o w  c e l l  c a p a b l e  o f  
a c c o m m o d a t i n g  a l l  o f  t h e s e  t e c h n i q u e s  h a s  n o t  b e e n  d e s i g n e d  [ 9 5 ] ,
S c u d d e r  e t  a l .  h a v e  r e p o r t e d  o n  t h e  d e s i g n  o f  a  n o v e l  f l o w  c e l l  g e o m e t r y  c a l l e d  t h e  
f o u n t a i n  c e l l  [ 9 6 ] ,  T h e  c e l l  w a s  d e v e l o p e d  f o r  u s e  a s  a  f l u o r e s c e n c e  m i c r o s c o p y  
c h a m b e r  t o  s t u d y  l i v i n g  c e l l s .  I n  t h e i r  d e s i g n  t h e  f l u i d  e n t e r e d  v i a  a  c e n t r a l  i n l e t  a n d  
w a s  d i r e c t e d  n o r m a l  t o  a  f l a t  o p t i c a l  s u r f a c e .  T h e  r e s u l t i n g  f o u n t a i n - l i k e  f l o w  p a t t e r n  
w a s  f o r c e d  i n t o  a  s p a c e  b e t w e e n  t h e  o p t i c a l  s u r f a c e  a n d  a  p a r a l l e l  r e a r  p l a t e .  T h e  f l u i d  
f i n a l l y  c o l l e c t e d  i n  a  r i n g - s h a p e d  w e l l  w h i c h  w a s  a t  a l l  p o i n t s  e q u i d i s t a n t  f r o m  t h e  p o i n t  
o f  i n l e t .
T h e  f o u n t a i n  c e l l  w a s  r e p o r t e d  t o  d e m o n s t r a t e  c h a r a c t e r i s t i c s  w h i c h  i n d i c a t e d  p o s s i b l e
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s u i t a b i l i t y  t o  e l e c t r o c h e m i c a l  d e t e c t i o n  a t  a n  e n h a n c e d  l e v e l  o f  p e r f o r m a n c e  o v e r  s o m e  
o f  t h e  s t a n d a r d  c e l l  g e o m e t r i e s .  T h e  f l u i d  e l e m e n t  f o r m s  a  t h i n  f l a t  v o l u m e  w h i c h  c a n  
b e  p h y s i c a l l y  m a t c h e d  t o  p l a n a r  d e t e c t o r s .  T h i s  w a s  a  u s e f u l  c h a r a c t e r i s t i c  i n  i t s  
a p p l i c a t i o n  w i t h  a m p e r o m e t r i c  a r r a y s .  A  f i n a l  a d v a n t a g e  o f  t h e  f o u n t a i n  c e l l  w a s  t h a t  i t  
g i v e s  a  s m o o t h  f l o w  t r a n s i t i o n  f r o m  t h e  i n l e t  t u b i n g  t o  t h e  d e t e c t i o n  r e g i o n  w i t h  
m i n i m a l  u n s w e p t  v o l u m e  a n d  n o  w a l l  e f f e c t s .  T h e  a b s e n c e  o f  w a l l  e f f e c t s  p r e s e r v e s  t h e  
s h a p e  o f  t h e  i n j e c t i o n  z o n e .  T h i s  i s  a  d e s i r a b l e  f e a t u r e  i n  a n o d i c  s t r i p p i n g  v o l t a m m e t r y  
( A S V )  w h e r e  f l o w  r e v e r s a l  o f  t h e  s a m p l e  p l u g  o v e r  t h e  s u r f a c e  o f  t h e  w o r k i n g  
e l e c t r o d e  c a n  b e  u s e d  t o  e n h a n c e  s e n s i t i v i t y .  A  s c h e m a t i c  d i a g r a m  o f  t h e  f o u n t a i n  c e l l  
i s  s h o w n  i n  F i g u r e  3 . 1 .
S p acer > ■
Glass Cover
<  Teflon Base Plate
t  1
in let drain
Figure 3 . 1 .  F o u n t a i n  c e l l  s c h e m a t i c  ( t a k e n  f r o m  S c u d d e r  e t  a l .  [ 9 6 ] )
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T h e  p r i n c i p l e  o f  s e q u e n t i a l  i n j e c t i o n  a n a l y s i s  ( S I A )  w a s  f i r s t  i n t r o d u c e d  b y  R u z i c k a  a n d  
M a r s h a l l  [ 9 6 ] ,  T h e y  d e s c r i b e d  h o w  t h e  r e l a t i v e l y  c o n s t a n t  f l o w  a s  u s e d  i n  F I A  c a n  b e  
r e p l a c e d  b y  a  s i n u s o i d a l  f l o w  w i t h  a  s y n c h r o n i s e d  i n j e c t i o n .  T h e  s t a n d a r d  p e r i s t a l t i c  
p u m p  c a n  b e  r e p l a c e d  w i t h  a  c a m - d r i v e n  s y r i n g e  b a s e d  p u m p .  T h e  s y s t e m  t h e y  
d e s c r i b e d  i s  o u t l i n e d  i n  F i g u r e  3  . 2 .
Figure 3.2. P r i n c i p l e  o f  s e q u e n t i a l  i n j e c t i o n  a n a l y s i s  ( t a k e n  f r o m  R u z i c k a  a n d  M a r s h a l l  
[97])
T h e i r  d e s c r i p t i o n  o f  t h e  p r i n c i p l e  o f  S I A  w a s  a s  f o l l o w s :  e a c h  m e a s u r e m e n t  c y c l e  
b e g i n s  b y  a s p i r a t i n g  a  w a s h  s o l u t i o n  ( S ) ,  r e a g e n t  i n j e c t i o n  ( R )  a n d  m e a s u r e m e n t  
d u r i n g  a  b a c k w a r d  m o v e m e n t  o f  a  p i s t o n  t y p e  p u m p .  I n  t h i s  w a y ,  w e l l  d e f i n e d  z o n e s  
a r e  i n j e c t e d  s e q u e n t i a l l y  i n t o  a  c o n d u i t  w h i c h  s e r v e s  a s  a  r e a c t o r  ( R ) ,  f l o w - t h r o u g h  
d e t e c t o r  ( D )  a n d  h o l d i n g  r e s e r v o i r .  M u t u a l  d i s p e r s i o n  o f  t h e  i n j e c t e d  z o n e s  i s  a c h i e v e d  
t h r o u g h  t h e  p r o g r a m m e d  m o v e m e n t  o f  t h e  z o n e s  t o w a r d s  t h e  d e t e c t o r .  T h e  
m e a s u r e m e n t  c y c l e  i s  t e r m i n a t e d  w h e n  t h e  f l o w  i s  r e v e r s e d  a n d  t h e  m u t u a l l y  d i s p e r s e d  
z o n e s  a r e  p r o p e l l e d  b a c k  t h r o u g h  t h e  s y s t e m  a n d  f i n a l l y  t o  w a s t e .  S I A  h a s  o n e
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c o n s i d e r a b l e  a d v a n t a g e  o v e r  F I A ,  w h i c h  i s  a  c o n s i d e r a b l y  r e d u c e d  c o n s u m p t i o n  o f  
s o l v e n t ,  u s u a l l y  o f  t h e  o r d e r  o f  1 / 1 0  l e s s .  T h e  s y s t e m  w a s  a p p l i e d  t o  t h e  
d e t e r m i n a t i o n  o f  p H  u s i n g  a n  o p t r o d e  s e n s o r  w h i c h  m e a s u r e d  c h a n g e s  i n  t h e  
a b s o r b a n c e  o f  t h e  p H  i n d i c a t o r  b r o m o t h y m o l  b l u e .
T h e  u s e  o f  a  p e r i s t a l t i c  p u m p  t o  r e p l a c e  t o  a  s y r i n g e  p u m p  h a s  a l s o  b e e n  r e p o r t e d  [ 9 8 ] ,  
T h e  r e p r o d u c i b i l i t y  o f  b o t h  t y p e s  o f  p u m p  w e r e  e x a m i n e d  b y  a s p i r a t i n g  f i r s t  2 5 0  p.1 o f
0 . 0 1  M  s o d i u m  t e t r a b o r a t e  b u f f e r  a n d  t h e n  d i f f e r e n t  v o l u m e s  o f  2 . 5 6  x  1 0 ' 4 M  
B r o m o t h y m o l  B l u e .  T h e  f l o w  w a s  t h e n  r e v e r s e d  a n d  b o t h  t h e  d y e  a n d  t h e  b u f f e r  
s e g m e n t s  w e r e  f l u s h e d  t h r o u g h  t h e  d e t e c t o r  w h i l e  t h e  a b s o r b a n c e  w a s  c o n t i n u o u s l y  
m o n i t o r e d .  T h e  p e r f o r m a n c e  o f  t h e  p e r i s t a l t i c  p u m p  r e l a t i v e  t o  t h a t  o f  t h e  s y r i n g e  
p u m p  w a s  f o u n d  t o  b e  s a t i s f a c t o r y  w i t h  a  R S D  o f  1 - 2 % .  T h e  a u t h o r s  a l s o  d i s c u s s e d  
t h e  a d v a n t a g e s  o f  t h e  p e r i s t a l t i c  p u m p  o v e r  t h e  p i s t o n  p u m p  f o r  s e q u e n t i a l  a n a l y s i s .  
T h e y  c o n c l u d e d  t h a t  t h e  m a i n  a d v a n t a g e s  w e r e  a s  f o l l o w s :
( i )  w a s h  a s p i r a t i o n  i s  u n n e c e s s a r y  t h e r e f o r e  a  s h o r t e r  s a m p l i n g  c y c l i n g  c a n  b e  u s e d ;
( i i )  s i m p l e r  s y s t e m  d e s i g n  a n d  o p e r a t i o n  i s  p o s s i b l e ;
( i i )  w i d e  a v a i l a b i l i t y  o f  p e r i s t a l t i c  p u m p s .
A  s c h e m a t i c  f o r  a  S I A  s y s t e m  u t i l i s i n g  a  p e r i s t a l t i c  p u m p  i s  s h o w n  i n  F i g u r e  3 . 3 .
3.2 Fountain Cell Design
S c h e m a t i c  d i a g r a m s  o f  t h e  f o u n t a i n  c e l l  c o m p o n e n t s  a r e  p r e s e n t e d  i n  F i g u r e s  3 . 4  t o  
3 . 8 .  T h e  d i a g r a m s  a r e  d r a w n  o n  a  1 . 1  s c a l e .  T h e  c e l l  i s  c o m p o s e d  o f  t h e  f o l l o w i n g  
p r i n c i p l e  p a r t s :
•  w o r k i n g  e l e c t r o d e  a s s e m b l y  ( l a b e l l e d  p a r t  A ) ;
•  w o r k i n g  e l e c t r o d e  a s s e m b l y  I I  ( l a b e l l e d  p a r t  A . 2 ) ;
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•  c o u n t e r  e l e c t r o d e  a s s e m b l y  ( l a b e l l e d  p a r t  B ) ;
•  r e f e r e n c e  e l e c t r o d e  a n d  w a s t e  c o l l e c t i o n  a s s e m b l y  ( l a b e l l e d  p a r t  C ) ;
B
Valve
Sample and reagent zones are slacked in the holding coil
- fTjJ jmmgo
Flow reversal injects zones into the reactor
R
Figure 3.3 P r i n c i p l e  o f  s e q u e n t i a l  i n j e c t i o n  a n a l y s i s .  ( A )  s y s t e m  s c h e m a t i c ;  (B) 
s t r u c t u r e  o f  s t a c k e d  a n d  i n j e c t e d  z o n e s ;  ( C )  c o n c e n t r a t i o n  p r o f i l e s  a s  
o b s e r v e d  b y  t h e  d e t e c t o r .  H C ,  H o l d i n g  c o i l ;  D ,  d e t e c t o r ;  S ,  s a m p l e ;  R ,  
r e a g e n t ;  H ,  p e a k  h e i g h t ;  I ,  p o i n t  o f i n j e c t i o n  ( t a k e n  f r o m  R u z i c k a  [ 9 9 ] ) .
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T h e s e  a s s e m b l i e s  c o n s i s t e d  o f  4 4 . 0  x  4 4 . 0  x  8 . 5  m m  p e r s p e x  b l o c k s  i n t o  w h i c h  0 2  x  6  
m m  l o n g  g l a s s y  c a r b o n  r o d s  w e r e  s e a l e d .  F o r  a s s e m b l y  A  t h e  g l a s s y  c a r b o n  r o d s  w e r e  
p o s i t i o n e d  5  m m  f r o m  t h e  c e n t r e  p o i n t  i n  t h e  b l o c k  i n  a  c r o s s  l i k e  g e o m e t r y  ( 4  
e l e c t r o d e s ) .  T h e  e l e c t r o d e s  i n  t h e  a r r a y  d e s i g n a t e d  A . 2  w e r e  p o s i t i o n e d  i n  a  l i n e a r  
a r r a n g e m e n t  i n  g e o m e t r i c  a l i g n m e n t  w i t h  t h e  i n l e t .  E l e c t r i c a l  c o n n e c t i o n s  t o  t h e  
e l e c t r o d e s  w e r e  e s t a b l i s h e d  v i a  s i l v e r  w i r e s  w h i c h  w e r e  p r e s s e d  f i t t e d  t o  t h e  s i d e s  o f  
t h e  c a r b o n  r o d s  ( s e e  F i g u r e  3 . 4 ) .  T h e  s i l v e r  w i r e s  w e r e  t h e n  s o l d e r e d  t o  2  m m  b r a s s  
p i n s  w h i c h  s e r v e d  a s  t h e  c o n n e c t i o n  p o i n t s  f o r  t h e  p o t e n t i o s t a t .  T h e  e l e c t r o d e s  w e r e  
s e a l e d  i n  p o s i t i o n  w i t h  m e t h y l a c r y l a t e  g l u e  t o  e n s u r e  a  w a t e r  t i g h t  s e a l .  N e w l y  
c o n s t r u c t e d  a r r a y s  w e r e  f i r s t l y  p o l i s h e d  w i t h  4 0 0  g r a d e  s i l i c a  c a r b i d e  p a p e r  a n d  t h e n  
s e q u e n t i a l l y  w i t h  6 0 0 ,  1 0 0 0  a n d  1 2 0 0  g r a d e  p a p e r .  T h e  e l e c t r o d e s  w e r e  f i n a l l y  
p o l i s h e d  t o  a  m i r r o r  f i n i s h  w i t h  0 . 3 0  | a m  a l u m i n a  a n d  0 . 0 5  p i r n  a l u m i n a .  T h e  a r r a y s  
w e r e  p o l i s h e d  w i t h  b o t h  0 . 3  | . i m  a n d  0 . 0 5  u r n  a l u m i n a  p r i o r  t o  e a c h  e x p e r i m e n t  a n d  
w a s h e d  w i t h  d e i o n i s e d  w a t e r  t o  r e m o v e  a n y  p a r t i c u l a t e  m a t t e r .
3.2.1 Fabrication o f W orking Electrode Assem blies
F igure 3.4 W orking electrode assembly details.
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Stainless sled Bolt
P a r t  A
Teflon Spacers- 0.1, 0.25, 0.5 mm thickness
F igure  3.5. W orking electrode assembly
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6  1 6  1 6  6
End View
Part A. 2
Expansion of Electrode Layout 
Scale 4:1
F i g u r e  3 . 6 .  W o r k i n g  e l e c t r o d e  a s s e m b l y  2 .
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3.2.2 Counter Electrode Assembly
T h e  c o u n t e r  e l e c t r o d e  a s s e m b l y  w a s  f a b r i c a t e d  a s  s h o w n  i n  F i g u r e  3 . 7 .  A  0 2  m m  p i n
s c r e w e d  i n t o  t h e  s i d e  o f  t h e  a s s e m b l y  w a s  u s e d  t o  a t t a c h  t h e  c o u n t e r  e l e c t r o d e  c a b l e .  
T h e  f a c e  o f  t h e  a s s e m b l y  c o n t a i n i n g  t h e  w e l l  w a s  p o l i s h e d  t o  a  m i r r o r  f i n i s h  t o  e n s u r e  a  
s m o o t h  f l u i d  f l o w  w i t h  s i l i c a  c a r b i d e  p a s t e  a n d  t h e n  f i n a l l y  w i t h  s i l i c a  c a r b i d e  p a p e r  
( 4 0 0  g r a d e )  t o  t h e  r e q u i r e d  f i n i s h .  S e v e n  M 4  s t a i n l e s s  s t e e l  b o l t s  w e r e  u s e d  h o l d i n g  
t h e  p l a t e  i n  p o s i t i o n  w i t h  t h e  r e f e r e n c e  e l e c t r o d e  a n d  w a s t e  c o l l e c t i o n  a s s e m b l y .  T h e  
h e a d s  o f  t h e  b o l t s  w e r e  c o u n t e r - s u n k  t o  e n s u r e  a  w a t e r - t i g h t  s e a l  w i t h  t h e  T e f l o n  
s p a c e r  a n d  w o r k i n g  e l e c t r o d e  a s s e m b l y .
3.2.3 Reference Electrode and Waste Collection Assembly
F a b r i c a t i o n  o f  t h i s  s e c t i o n  o f  t h e  f l o w  c e l l  w a s  a s  o u t l i n e d  i n  F i g u r e  3 . 8 .  M 4  a n d  M 6  
h e l i c o r e s  w e r e  f i t t e d  t o  a l l  h o l e s  t o  h o l d  t h e  a s s e m b l y  b o l t s .  O - r i n g  s e a l s  w e r e  f i t t e d  
i n t o  t h e  w a s t e  c o l l e c t i o n  t r e n c h  t o  r e d u c e  t h e  v o l u m e  w i t h o u t  w h i c h  a n  i n s u f f i c i e n t  
v o l u m e  w o u l d  h a v e  b e e n  m a i n t a i n e d  i n  t h e  t r e n c h  t o  c o v e r  t h e  r e f e r e n c e  e l e c t r o d e .  A  
s p e c i a l  “ k e y ”  w a s  f a b r i c a t e d  w h i c h  a l l o w e d  e a s y  r e m o v a l  o f  t h e  F I A  c o n n e c t i o n s  f r o m  
t h e i r  r e c e s s e d  p o s i t i o n s .
A  v i e w  o f  t h e  a s s e m b l e d  f l o w  c e l l  i s  p r e s e n t e d  i n  F i g u r e  3 . 9 .  T h e  c e l l  w a s  h e l d  i n  a  
r e t o r t  s t a n d  v i a  t h e  c l a m p  a r m  d u r i n g  m e a s u r e m e n t s .
116
T o p  V i e w
P A R T  C
■fb
S c a l e  1 . 1
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^ T o  Waste
Figure 3.9. A s s e m b l e d  f o u n t a i n  c e l l .
3.3 Cell Volume and Dead Volume
T h e  t o t a l  c e l l  v o l u m e  w a s  c a l c u l a t e d  t o  b e  2 4 7 . 9  fa l w i t h  a  0 . 2 5  m m  s p a c e r .  T h i s  
c o n s i s t e d  o f  a  t r e n c h  v o l u m e  o f  1 7 1 . 0  f^ l a n d  a n  e l e c t r o d e  a r e a  v o l u m e  o f  7 6 . 9  p.1. I n  
n o r m a l  t h i n  l a y e r  f l o w  c e l l s  t h e  d e a d  v o l u m e  o f  t h e  f l o w  c e l l  c a n  b e  d e f i n e d  a s  t h e  
g e o m e t r i c  c e l l  v o l u m e  [ 3 0 - 3 2 ] .  H o w e v e r ,  i n  t h e  c a s e  o f  t h e  f o u n t a i n  c e l l ,  t h i s  i s
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p r o b a b l y  n o t  a p p l i c a b l e  a s  t h e  c a r r i e r  s t r e a m  r e t a i n e d  i n  t h e  t r e n c h  n o  l o n g e r  h a s  a n y  
d i r e c t  b e a r i n g  o n  t h e  f l o w  b e h a v i o u r  a t  t h e  e l e c t r o d e s .  T h e r e f o r e  t h e  d e a d  v o l u m e  o f  
t h e  c e l l  c a n  b e  d e f i n e d  a s  t h e  v o l u m e  o f  l i q u i d  i n  c o n t a c t  w i t h  t h e  e l e c t r o d e  a r r a y  w h i c h  
i s  7 6 . 9  (x l. T h i s  d e a d  v o l u m e  i s  p r o b a b l y  s a t i s f a c t o r y  f o r  F I A  a n d  S F A  t e c h n i q u e s  b u t  
m a y  n e e d  t o  b e  r e d u c e d  f o r  a p p l i c a t i o n s  w i t h  c h r o m a t o g r a p h y  w h i c h  r e q u i r e s  c e l l s  
w i t h  s m a l l e r  d e a d  v o l u m e s  t o  p r e v e n t  p e a k  o v e r l a p  a n d  b a n d  b r o a d e n i n g .
3.4 Experimental
3.4.1 Chemicals
P o t a s s i u m  h e x o c y a n o f e r r a t e ( I I ) ,  a n h y d r o u s  s o d i u m  a c e t a t e ,  s o d i u m  c h l o r i d e ,  p y r r o l e  
a n d  g l y c i n e  w e r e  a l l  p u r c h a s e d  f r o m  M e r c k  G m b H ,  G e r m a n y .  A l l  c h e m i c a l s  u s e d  
w e r e  o f  a n a l y t i c a l  g r a d e .  D e i o n i s e d  w a t e r  u s e d  f o r  t h e  p r e p a r a t i o n  o f  a q u e o u s  
s o l u t i o n s  w a s  o b t a i n e d  b y  p a s s i n g  d e n i o n i s e d  w a t e r  t h r o u g h  a  M i l l i - Q  w a t e r  
p u r i f i c a t i o n  s y s t e m  ( M i l l i p o r e ) .  E l e c t r o a c t i v e  s o l u t i o n s  w e r e  p r e p a r e d  f r e s h  e a c h  d a y  
p r i o r  t o  u s e  a n d  d e g a s s e d  w i t h  a r g o n  p r i o r  t o  u s e .
3.4 2 Sequential Injection Analysis System
T h e  l a y o u t  o f  t h e  o f  t h e  S I A  s y s t e m  i n c o r p o r a t i n g  t h e  f o u n t a i n  c e l l  i s  s h o w n  i n  F i g u r e
3 . 1 0 .  T h i s  s y s t e m  c o n f i g u r a t i o n  w a s  u s e d  f o r  a l l  t h e  e v a l u a t i o n  s t u d i e s .  A l l  
c o m p o n e n t s  i n  t h e  s y s t e m  w e r e  u n d e r  c o m p u t e r  c o n t r o l l e d  e x c e p t  f o r  t h e  p o t e n t i o s t a t  
w h i c h  f u n c t i o n e d  i n d e p e n d e n t l y  a n d  r e q u i r e d  m a n u a l  s e t t i n g .  T h e  S F A  s y s t e m  
c o n s i s t e d  o f  a  p e r i s t a l t i c  p u m p  ( A l i t e a ,  S w e d e n ) ,  a n  8 - c h a n n e l  m u l t i - p o r t  v a l v e
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Figure 3.10. S c h e m a t i c  o f  S F A  w i t h  t h e  f o u n t a i n  c e l l .
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( P h a r m a c i a ,  L K B ,  S w e d e n ) ,  a  p u m p  a n d  v a l v e  c o n t r o l  u n i t  ( c o n s t r u c t e d  “ i n  h o u s e ” )  
a n d  a  v a l v e  p o s i t i o n  i n d i c a t o r  u n i t  ( c o n s t r u c t e d  “ i n - h o u s e ” ) .  A  s i n g l e  c h a n n e l  P A R C  
1 7 4 A  p o t e n t i o s t a t  ( E G & G )  w a s  u s e d  f o r  e l e c t r o d e  p o l a r i s a t i o n  a n d  c u r r e n t  m o n i t o r i n g  
d u t i e s .  T h e  c a r r i e r  s t r e a m  w a s  1 . 0  M  s o d i u m  a c e t a t e  b u f f e r  f o r  t h e  c h a r a c t e r i s a t i o n  
s t u d i e s .  A  0 . 1  M  s o d i u m  c h l o r i d e  f o r  a l l  p o l y m e r i s a t i o n  s t u d i e s .
3.4.3 ADA 1100 Data Acquisition\Control Card (Real Time Devices)
A n  A D  A - 1 1 0 0  c a r d  w a s  u s e d  f o r  a l l  i n s t r u m e n t a t i o n  c o n t r o l  f u n c t i o n s  ( e x c e p t  c o n t r o l  
o f  t h e  1 7 4 A  p o l a r o g r a p h i c  a n a l y s e r )  a n d  d a t a  a c q u i s i t i o n  d u t i e s .  T h e  b a s e  a d d r e s s  f o r  
t h e  c a r d  w a s  3 0 0
H e x .  A  s a m p l i n g  r a t e  o f  5  p o i n t s  p e r  s e c o n d  w a s  n o r m a l l y  u s e d  f o r  m o s t  e x p e r i m e n t s .  
T h e  A D A  i n t e r f a c e  c o n s i s t s  o f :
1 .  8  s i n g l e - e n d e d  a n a l o g  i n p u t s  w i t h  a n  i n p u t  i m p e d a n c e  o f  >  1 0  M Q .  T h e  i n p u t s  
w e r e  c o n f i g u r e d  t o  b i p o l a r  o p e r a t i o n  ±  1 0  V ;
2 .  2 4  d i g i t a l  I / O  l i n e s  w h i c h  w e r e  T T L / C M O S  c o m p a t i b l e .  T h e  A / D  c o n v e r s i o n  w a s  
s u c c e s s i v e  a p p r o x i m a t i o n  w i t h  1 2  b i t  r e s o l u t i o n  a n d  a  s y s t e m  t h r o u g h p u t  o f  u p  t o  
3 8  K H z ;
3 .  2  a n a l o g  o u t p u t s  ( 1 2 - b i t  r e s o l u t i o n ) .
A  F I A  L A B  s o f t w a r e  p a c k a g e ,  P  r e l e a s e  ( A l i t e a ,  U S A ) ,  w a s  u s e d  f o r  c o n t r o l  o f  t h e  
i n s t r u m e n t a t i o n  a n d  d a t a  a c q u i s i t i o n .  T h e  s o f t w a r e  p a c k a g e  w a s  w r i t t e n  s p e c i f i c a l l y  
f o r  t h e  I / O  c a r d s  f r o m  R e a l  T i m e  D e v i c e s ,  I n c .  H a r d w a r e  o p e r a t i o n s  w e r e  l i s t e d  i n  
e v e n t  t a b l e s .  T h e  i n s t r u c t i o n s  i n  t h e s e  e v e n t  t a b l e s  w e r e  e x e c u t e d  s e q u e n t i a l l y .  A  
t y p i c a l  e v e n t  t a b l e  i s  s h o w n  i n  T a b l e  3 . 1 .  T h e  t i m e  r e q u i r e d  f o r  t h e  d a t a  a c q u i s i t i o n
122
s t e p  ( e v e n t  n o . 3 )  w a s  d e p e n d e n t  o n  t h e  f l o w  r a t e  u s e d .  T y p i c a l l y  a  d a t a  a c q u i s i t i o n  
t i m e  o f  8 0  s  w a s  u t i l i s e d  w i t h  a  p u m p  f l o w  r a t e  o f  2 0 %  ( 0 . 6  m l / m i n ) ,  6 0  s  w i t h  f l o w  
r a t e  o f  4 0 %  ( 1 . 2  m l / m i n )  a n d  s o  f o r t h  w i t h  h i g h e r  f l o w  r a t e s .
E v e n t
N o .
T i m e
(s)
D u r a t i o n
(s)
P u m p
S p e e d
%
V a l v e
P o s i t i o n
P o t e n t i a l
( m V )
D a t a
A c q u i s i t i o n
T i t l e
1 0 . 0 0 2 0 . 0 0 60 1 + 3 0 0 . 0 o f f c l e a n
2 2 0 . 0 0 8 . 0 0 - 3 0 2 + 3 0 0 . 0 o f f s a m p l e
3 2 8 . 0 0 4 5 . 0 0 3 0 1 + 3 0 0 . 0 o n a n a l y s e
4 7 3 . 0 0 20.00 3 0 1 + 3 0 0 . 0 o f f c l e a n
Table 3.1 T y p i c a l  e v e n t  t a b l e  f o r  S I  A  s y s t e m  o p e r a t i o n .  A  n e g a t i v e  s i g n  ( - )  i n  t h e  
p u m p  s p e e d  i n d i c a t e s  o p e r a t i o n  o f  t h e  p u m p  i n  t h e  r e v e r s e  d i r e c t i o n .  T h e  
P A R C  1 7 4  A  w a s  u s e d  t h r o u g h o u t  f o r  p o t e n t i a l  a p p l i c a t i o n .
3.5 Results and Discussion
3.5.1 Reproducibility of Response
T h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  a t  e l e c t r o d e  1 ( s e e  F i g u r e  3 . 5 )  t o  8  i n j e c t i o n s  o f  1 0  
m M  p o t a s s i u m  h e x a c y a n o f e r r a t e ( I I )  w a s  i n v e s t i g a t e d .  A  % R S D  o f  0 . 8 9 %  w a s  
c a l c u l a t e d  f o r  8  r e p e t i t i v e  i n j e c t i o n s .  T h e  r e s p o n s e s  o b t a i n e d  a r e  s h o w n  i n  F i g u r e
3 . 1 1 .  A  h i g h  d e g r e e  o f  r e p r o d u c i b i l i t y  i n  b o t h  t h e  p e a k  s h a p e  a n d  r e s p o n s e  m a g n i t u d e  
w e r e  o b t a i n e d .  T h i s  w o u l d  i n d i c a t e  b o t h  r e p r o d u c i b l e  f l o w  c o n d i t i o n s  a n d  d i s p e r s i o n  




Figure 3.11 R e s p o n s e s  o b t a i n e d  t o  8  i n j e c t i o n s  o f  0 . 0 1  M  p o t a s s i u m
h e x a c y a n o f e r r a t e ( I I )  a t  e l e c t r o d e  1 .  M o b i l e  p h a s e  1 . 0  M  s o d i u m
a c e t a t e  b u f f e r ,  f l o w  r a t e  0 . 9  m l / m i n ,  s a m p l e  v o l u m e  1 6 0  [i\, p o t e n t i a l  
+ 3 0 0  m V  v s .  A g / A g C l .
T h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  o f  t h e  e a c h  e l e c t r o d e  i n  t h e  a r r a y  w a s  t h e n
i n v e s t i g a t e d .  T h e  r e s p o n s e s  a t  e a c h  e l e c t r o d e  t o  8  i n j e c t i o n s  o f  0 . 2  m M
h e x a c y a n o f e r r a t e ( I I )  w e r e  m o n i t o r e d ;  a  s u m m a r y  o f  t h e  r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  
i n  T a b l e  3 . 2 .  T h e  r e s p o n s e s  o f  e l e c t r o d e s  1 - 3  a r e  p r e s e n t e d  b e c a u s e  o f  a n  e x c e s s i v e l y  
l a r g e  b a c k g r o u n d  o b s e r v e d  a t  e l e c t r o d e  4 .  T h i s  w a s  p r o b a b l y  d u e  t o  p o o r  s e a l i n g  o f  
t h e  e l e c t r o d e  i n t o  t h e  p e r s p e x  b l o c k  w h i c h  m a y  h a v e  a l l o w e d  a c c u m u l a t i o n  o f  f l u i d  
a r o u n d  t h e  e l e c t r o d e  b o d y .  T h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  a t  e a c h  e l e c t r o d e  w a s  
f o u n d  t o  b e  h i g h ;  h o w e v e r ,  t h e  i n t e r - e l e c t r o d e  r e s p o n s e  t i m e  r e p r o d u c i b i l i t y  w a s  
p o o r .  T h e  % R S D  i n  t h e  r e s p o n s e  t i m e  o f  t h e  i n d i v i d u a l  e l e c t r o d e s  w a s  c a l c u l a t e d  t o  
b e  1 3 . 6 % .
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E l e c t r o d e  N o . % R S D A v e r a g e  R e s p o n s e
n  =  8 T i m e  ( s )
1 1 . 8 2 3 . 7
2 2 . 2 2 7 . 1
3 2 . 0 1 9 . 1
T a b l e  3 . 2 .  R e p r o d u c i b i l i t y  o f  e l e c t r o d e  r e s p o n s e s  t o  8  i n j e c t i o n s  o f  0 . 2  m M  
h e x a c y a n o f e r r a t e ( I I ) .
TirrB(s)
Figure 3.12. A v e r a g e  r e s p o n s e s  a t  e l e c t r o d e s  1, 2 ,  a n d  3  t o  8 i n j e c t i o n s  o f  0 . 2  m M  
h e x a c y a n o f e r r a t e ( I I ) .  F l o w  r a t e  0 . 9  m l / m i n ,  p o t e n t i a l  + 3 0 0  m V  v s .  
A g / A g C l .
T h e  a v e r a g e  r e s p o n s e  f r o m  e a c h  e l e c t r o d e  i s  p r e s e n t e d  i n  F i g u r e  3 . 1 2 .  I t  i s  c l e a r  f r o m  
F i g u r e  3 . 1 2  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  b e t w e e n  b o t h  t h e  p e a k  s h a p e s  a n d  
m a g n i t u d e s  o f  r e s p o n s e  a t  e a c h  e l e c t r o d e .  T h e  t w o  m a i n  r e a s o n s  f o r  t h e s e  d i f f e r e n c e s
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were concluded to  be:
1 .  n o n - i d e a l  e l e c t r o d e  b e h a v i o u r ;
2 .  n o n - i d e a l  f l o w  b e h a v i o u r .
T h e s e  c o n c l u s i o n s  r e s u l t e d  i n  f u r t h e r  i n v e s t i g a t i o n s  o f  h o w  c h a n g e s  b o t h  i n  t h e  f l o w  
r a t e  a n d  t h e  c e l l  v o l u m e  p a r a m e t e r s  a f f e c t e d  t h e  r e s p o n s e  c h a r a c t e r i s t i c s  o f  e a c h  
e l e c t r o d e  i n  t h e  a r r a y .
Figure 3.13. P l o t  o f  f l o w  r a t e  v s .  r e l a t i v e  s t a n d a r d  d e v i a t i o n  o f  p e a k  a r e a  f o r  3  
i n j e c t i o n s  o f  h e x a c y a n o f e r r a t e ( I I )  a t  f l o w  r a t e s  i n  t h e  r a n g e  0 . 6 - 2 . 1  
m l / m i n  a t  e l e c t r o d e  3 .
A  p l o t  o f  f l o w  r a t e  v s .  % R S D  ( p e a k  a r e a )  i s  s h o w n  i n  F i g u r e  3 . 1 3 .  T h e  d a t a  s e t  w a s  
t a k e n  a t  e l e c t r o d e  3 .  T h e  p l o t  i n d i c a t e s  t h a t  t h e  % R S D  d e c r e a s e s  w i t h  f l o w  r a t e .  I t  i s  
u n c l e a r  w h e t h e r  t h i s  d e c r e a s e  i n  % R S D  i s  l i n e a r  o r  n o n - l i n e a r  i n  n a t u r e .  A  l i n e a r  
r e g r e s s i o n  c o e f f i c i e n t  o f  0 . 9 6 6  w a s  o b t a i n e d  f o r  t h e  p l o t .
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T h e  e f f e c t  o f  f l o w  r a t e  o n  t h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  t i m e  w a s  a l s o  i n v e s t i g a t e d .  A  
s u m m a r y  o f  t h e  r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  T a b l e  3 . 3 .  T h e  r e s u l t s  i n d i c a t e  t h a t  
t h e  % R S D  d e c r e a s e s  w i t h  f l o w  r a t e  w i t h  t h e  l o w e s t  % R S D ’ s  b e i n g  o b s e r v e d  i n  t h e  
r a n g e  1 . 5  t o  2 . 1  m l / m i n .
F l o w  R a t e  ( m l / m i n ) % R S D
0 . 6 1 . 9 5
0 . 9 1 . 7 0
1 . 2 1 . 0 3
1 . 5 0 . 6 7
1 . 8 0 . 0 1
2 . 1 0 . 8 9
T a b l e  3 . 3 .  T h e  e f f e c t  o f  f l o w  r a t e  o n  t h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  t i m e
Figure 3.14. P l o t  o f  f l o w  r a t e  v s .  r e s p o n s e  t i m e  a t  E l ,  E 2  a n d  E 3  f o r  a  0 . 5  m m  T e f l o n  
s p a c e r
127
F r o m  p l o t s  o f  f l o w  r a t e  v s .  r e s p o n s e  t i m e  u s i n g  s p a c e r s  o f  0 . 1 ,  0 . 2 5  a n d  0 . 5  m m  
t h i c k n e s s ,  t h e  b e s t  c o r r e l a t i o n  b e t w e e n  t h e  e l e c t r o d e  r e s p o n s e  t i m e s  a n d  t h e  f l o w  r a t e  
w a s  o b t a i n e d  w i t h  a  s p a c e r  o f  0 . 5  m m  ( s e e  F i g u r e  3 . 1 4 ) .  I t  i s  b e l i e v e d  t h a t  t h e  s a m p l e  
p l u g  c a n  d e v e l o p  g e o m e t r i c a l l y  m o r e  e v e n l y  i n  a l l  d i r e c t i o n s  w i t h  t h e  0 . 5  m m  s p a c e r  
a n d  c o n s e q u e n t l y  t h e  p l u g  r e a c h e s  t h e  e l e c t r o d e s  a t  a p p r o x i m a t e l y  t h e  s a m e  t i m e .
Figure 3.15. R e s p o n s e s  t o  i n j e c t i o n s  o f  1 m M  h e x a c y a n o f e r r a t e ( I I )  a t  E l ,  E 2 ,  E 3 ,  
f l o w  r a t e  2 . 1  m l / m i n ,  s p a c e r  t h i c k n e s s  0 . 5  m m .
T h e  r e s p o n s e s  i n  F i g u r e  3 . 1 5  d e m o n s t r a t e  t h e  i m p r o v e m e n t  i n  b o t h  t h e  r e p r o d u c i b i l i t y  
o f  t h e  p e a k  s h a p e  a n d  t h e  r e s p o n s e  m a g n i t u d e  a s  c o m p a r e d  t o  t h o s e  p r e s e n t e d  i n  
F i g u r e  3  . 1 2 .  C l o s e r  a p p r o x i m a t i o n  t o  t r u e  f o u n t a i n  c e l l  b e h a v i o u r  m a y  a c c o u n t  f o r  t h e  
i m p r o v e d  r e s p o n s e  c h a r a c t e r i s t i c s  o b s e r v e d  i n  F i g u r e  3 . 1 5 .  T h e  d i f f e r e n c e s  i n  t h e  
r e s p o n s e s  a r e  p r o b a b l y  d u e  t o  d i f f e r e n c e s  i n  t h e  e l e c t r o d e  k i n e t i c s  w i t h  a  m i n i m a l  
c o n t r i b u t i o n  f r o m  t h e  f l o w  c o n d i t i o n s .
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I n  c h a r a c t e r i s a t i o n  o f  e l e c t r o d e  s y s t e m s  i n  a  f l o w  s t r e a m ,  a  p l o t  o f  l o g i o  c h a r g e  ( Q )  
( f o r  t h e s e  e x p e r i m e n t s  Q  =  p e a k  a r e a )  v s .  l o g 10 f l o w  r a t e  ( U )  s h o u l d  y i e l d  s t r a i g h t  l i n e  
d a t a  w i t h i n  e x p e r i m e n t a l  l i m i t s .  T h e  s l o p e s  f o r  s u c h  p l o t s  s h o u l d  i d e n t i f y  t h e  t y p e  o f  
f l o w  b e h a v i o u r .  T h e s e  w i l l  n o t  n e c e s s a r i l y  b e  e x a c t  s l o p e s ,  b u t  l i e  i n  c e r t a i n  r a n g e s .  I t  
i s  g e n e r a l l y  a c c e p t e d  t h a t  s u c h  a n  e x p e r i m e n t  w i l l  y i e l d  s l o p e s  a s  f o l l o w s  f o r  g i v e n  f l o w  
b e h a v i o u r  t y p e s  [ 2 9 ,  4 0 ] :
•  w a l l  j e t ; - 0 . 2 3  t o - 0 . 3 3
•  p l a n a r ;  - 0 . 4 8  t o  - 0 . 5 8
•  p l a t e  ( t h i n  l a y e r ) ;  - 0 . 6 5  t o  - 0 . 7 4
3.5.2 Flow Cell Characterisation
Log10 Flow Rate
Figure 3.16 P l o t  o f  lo g io  f l o w  r a t e  v e r s u s  lo g io  a r e a  f o r  i n j e c t i o n s  o f  10 mM 
h e x a c y a n o f e r r a t e ( I I )  a t  e l e c t r o d e  3  w i t h  a  s p a c e r  t h i c k n e s s  o f  0 . 2 5  m m .
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A  p l o t  o f  l o g i o  f l o w  r a t e  v e r s u s  l o g i o  a r e a  f o r  e l e c t r o d e  3  t o  i n j e c t i o n s  o f  1 0  m M  
h e x a c y a n o f e r r a t e ( I I )  y i e l d e d  a  p l o t  w i t h  a  s l o p e  o f  - 0 . 6 6 6  ( s e e  F i g u r e  3 . 1 6 ) .  T h i s  
i n d i c a t e s  t h a t  t h i n  l a y e r  f l o w  c o n d i t i o n s  w e r e  o b s e r v e d  a t  t h i s  e l e c t r o d e  u n d e r  t h e s e  
c o n d i t i o n s .  T h e  e f f e c t  o f  s p a c e r  t h i c k n e s s  o n  t h e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  c e l l  w e r e  
t h e n  i n v e s t i g a t e d .  P l o t s  o f  l o g i o  f l o w  r a t e  v e r s u s  l o g i o  a r e a  w e r e  p r e p a r e d  f o r  e a c h  
e l e c t r o d e  w i t h  s p a c e r  t h i c k n e s s  o f  0 . 1 ,  0 . 2 5 ,  0 . 5  m m  ( s e e  F i g u r e  3 . 1 7  ( a ) ,  ( b )  a n d  ( c ) ) .
F i g u r e  3 . 1 7 ( a )  P l o t  o f  l o g i o  f l o w  r a t e  v e r s u s  l o g i o  a r e a  f o r  a  0 . 1  m m  s p a c e r  a t  
e l e c t r o d e s  1 ,  2  a n d  3 .
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Log, 0 Row Rate
Figure 3.17(b) P l o t  o f  l o g i o  f l o w  r a t e  v e r s u s  l o g i o  a r e a  f o r  a  0 . 2 5  m m  s p a c e r  a t  
e l e c t r o d e s  1 ,  2  a n d  3 .
Log10 Row Rate
Figure 3.17(c) P l o t  o f  l o g i o  f l o w  r a t e  v e r s u s  l o g i o  a r e a  f o r  a  0 . 5  m m  s p a c e r  a t  
e l e c t r o d e s  1 ,  2  a n d  3 .
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A  s u m m a r y  o f  t h e  e x p e r i m e n t a l  s l o p e s  o b t a i n e d  t o g e t h e r  w i t h  t h e  t h e o r e t i c a l  s l o p e s  a r e  
p r e s e n t e d  i n  T a b l e  3  . 4 .
S p a c e r
T h i c k n e s s
( m m )
E l e c t r o d e
N o .
L i n e a r  
R e g r e s s i o n  
C o e f f i c i e n t  ( R )
T h e o r e t i c a l
S l o p e
E x p e r i m e n t a l
S l o p e
0 . 1 0
1 0 . 9 9 8 4 - 2 / 3 - 0 . 7 4
2 0 . 9 9 8 0 - 2 / 3 - 0 . 8 0
3 0 . 9 9 8 4 - 2 / 3 - 0 . 9 5
0 . 2 5
1 0 . 9 9 9 8 - 2 / 3 - 0 . 7 2
2 0 . 9 9 5 3 - 2 / 3 - 0 . 7 8
3 0 . 9 9 6 0 - 2 / 3 - 0 . 9 7
0 . 5 0
1 0 . 9 9 7 6 - 2 / 3 - 0 . 7 3
2 0 . 9 9 5 0 - 2 / 3 - 0 . 6 9
3 0 . 9 9 7 4 - 2 / 3 - 0 . 6 8
Table 3.4 A  s u m m a r y  o f  t h e  d a t a  o b t a i n e d  f r o m  p l o t s  o f  l o g 10 f l o w  v s .  l o g i o  a r e a  f o r  
t h e  i n d i v i d u a l  e l e c t r o d e s  i n  t h e  a r r a y .
T h e  r e s u l t s  i n d i c a t e  a g a i n  t h a t  t h e  s p a c e r  t h i c k n e s s  p l a y s  a  s i g n i f i c a n t  r o l e  i n  
i n f l u e n c i n g  t h e  f l o w  c h a r a c t e r i s t i c s  a t  t h e  e l e c t r o d e  a r r a y .  T h e  m o s t  u n i f o r m  b e h a v i o u r  
i s  o b t a i n e d  w i t h  a  s p a c e r  o f  0 . 5  m m  t h i c k n e s s .  A l l  e l e c t r o d e s  w e r e  o b s e r v e d  t o  
d e m o n s t r a t e  t h i n  l a y e r  c h a r a c t e r i s t i c s  w i t h  t h i s  s p a c e r .  I t  i s  b e l i e v e d  t h a t  w i t h  t h e  o t h e r  
s p a c e r s  t h e  s a m p l e  p l u g  i s  c o n s t r i c t e d  i n  i t ’ s  d e v e l o p m e n t .  A s  a  r e s u l t  t h e  s a m p l e  p l u g
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i s  d e t e c t e d  f a s t e r  o n  o n e  s i d e  o f  t h e  c e l l  t h a n  t h e  o t h e r .  A  d e e p e r  w e l l  m a y  h e l p  t o  
i m p r o v e  t h e  s i t u a t i o n  b y  e n s u r i n g  a  m o r e  e v e n  d e v e l o p m e n t  o f  t h e  s a m p l e  p l u g  i n  a l l  
d i r e c t i o n s  o r  a  r e d u c e d  n u m b e r  o f  o u t l e t  h o l e s .
3.5.3 Linear Electrode Configuration
T h e  r e s p o n s e  c h a r a c t e r i s t i c s  o f  a  l i n e a r  e l e c t r o d e  a r r a n g e m e n t  ( l a b e l l e d  p a r t  A . 2 ,  s e e  
F i g u r e  3  . 6 )  w e r e  i n v e s t i g a t e d .  T h e  r e s p o n s e  o b t a i n e d  a t  e a c h  o f  t h e  e l e c t r o d e s  a t  a  
f l o w  r a t e  o f  1 . 2  m l / m i n  w i t h  s p a c e r s  o f  0 . 1 ,  0 . 2 5  a n d  0 . 5  m m  a r e  p r e s e n t e d  i n  F i g u r e  
3 . 1 8 ( a ) ,  ( b ) ,  ( c ) .
Tims (s)
Figure 3.18(a) R e s p o n s e s  o b t a i n e d  w i t h  t h e  l i n e a r  e l e c t r o d e  c o n f i g u r a t i o n  t o  i n j e c t i o n s  
o f  1 0  m M  h e x a c y a n o f e r r a t e ( I I )  u s i n g  a  s p a c e r  t h i c k n e s s  o f  0 . 1  m m  
a n d  a  f l o w  r a t e  o f  1 . 2  m l / m i n .
T h e  r e s u l t s  i n d i c a t e  t h a t  d i f f u s i o n  o f  t h e  s a m p l e  p l u g  w a s  r e d u c e d  w i t h  a  s p a c e r  o f  0 . 1
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m m .  T h e  r e s u l t s  w i t h  0 . 1  a n d  0 . 2 5  m m  s p a c e r s  a l s o  i n d i c a t e  t h a t  t h e  s a m p l e  p l u g  
b e c o m e s  n a r r o w e r  a s  i t  m o v e s  a w a y  f r o m  t h e  i n l e t ,  w h i c h  i s  a n  e x p e c t e d  f e a t u r e  w i t h  
f o u n t a i n  c e l l  b e h a v i o u r .  T h e  r e s u l t s  o b t a i n e d  w i t h  a  0 . 5  m m  s p a c e r  d o  n o t  i n d i c a t e  t h i s  
b e h a v i o u r  l e a d i n g  t o  t h e  c o n c l u s i o n  t h a t  d i f f u s i o n  o f  t h e  s a m p l e  p l u g  w a s  a  s i g n i f i c a n t  
p r o c e s s .  T h e  n o i s e  o b s e r v e d  i n  t h e  r e s p o n s e s  i s  p r o b a b l y  d u e  t o  p u l s e  n o i s e  f r o m  t h e  
p e r i s t a l t i c  p u m p .  T h e  r e d u c e d  r e s p o n s e s  o b s e r v e d  a t  e l e c t r o d e s  2  a n d  3  r e s u l t  f r o m  a  
n u m b e r  o f  f a c t o r s .  T h e  v e l o c i t y  o f  t h e  s a m p l e  p l u g  i n c r e a s e s  a s  i t  m o v e s  a w a y  f r o m  
t h e  i n l e t .  T h e r e f o r e  t h e  s a m p l e  p l u g  m o v e s  m o r e  r a p i d l y  o v e r  e l e c t r o d e  3  t h a n  o v e r  
e l e c t r o d e  1 w h i c h  h a s  s i g n i f i c a n t  e f f e c t  o n  t h e  r e s p o n s e .  S e c o n d l y  a s  t h e  s a m p l e  p l u g  
b e c o m e s  n a r r o w e r  t h e  a m o u n t  o f  a n a l y t e  t h a t  c a n  b e  r e d u c e d  o r  o x i d i s e d  a s  t h e  s a m p l e  
p l u g  p a s s e s  o v e r  t h e  e l e c t r o d e  i s  a l s o  d i m i n i s h e d .  T h e r e  i s  a l s o  s o m e  c o n t r i b u t i o n  f r o m  
d i f f u s i o n a l  p r o c e s s e s .
TIit b  ( s )
Figure 3.18(b). R e s p o n s e s  o b t a i n e d  t o  i n j e c t i o n s  o f  1 0  m M  h e x a c y a n o f e r r a t e ( I I )  a t  t h e  
l i n e a r  a r r a y  u s i n g  a  s p a c e r  t h i c k n e s s  o f  0 . 2 5  m m  a n d  a  f l o w  r a t e  o f  1 . 2  
m l / m i n .
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Tims (s)
F i g u r e  3 . 1 8 ( c ) .  R e s p o n s e s  o b t a i n e d  w i t h  t h e  l i n e a r  a r r a y  t o  i n j e c t i o n s  o f  1 0  m M
h e x a c y a n o f e r r a t e ( I I )  u s i n g  a  s p a c e r  o f  0 . 5  m m  t h i c k n e s s  a n d  a  f l o w
r a t e  o f  1 . 2  m l / m i n .
3.5.3.1 Flow Characterisation
P l o t s  o f  l o g  f l o w  v e r s u s  l o g  a r e a  w e r e  p r e p a r e d  i n  a n  e f f o r t  t o  e s t a b l i s h  i f  t h e  f l o w  
b e h a v i o u r  w a s  s i m i l a r  a t  e a c h  e l e c t r o d e .  T h e  p l o t s  i n d i c a t e  t h a t  e a c h  e l e c t r o d e  
e x p e r i e n c e s  a  v e r y  s i m i l a r  t y p e  o f  f l o w  b e h a v i o u r  ( s e e  F i g u r e  3 . 1 9 ) .  T h e  s l o p e s  
o b t a i n e d  f o r  t h e  p l o t s  w e r e  a s  f o l l o w s :
E l  = >  0 . 7 6  (  p r o b a b l e  t h i n  l a y e r  c o n d i t i o n s )
E 2  = >  0 . 7 4  ( t h i n  l a y e r  c o n d i t i o n s )
E 3  = >  0 . 7 3  ( t h i n  l a y e r  c o n d i t i o n s )
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Log10 Row Rate
Figure 3.19. P l o t  l o g i o  f l o w  r a t e  v s .  l o g i o  a r e a  f o r  i n j e c t i o n s  o f  1 0  m M  
h e x a c y a n o f e r r a t e  ( I I )  a t  e l e c t r o d e s  1 ,  2  a n d  3  i n  t h e  l i n e a r  e l e c t r o d e  
c o n f i g u r a t i o n .
T h e  r e p r o d u c i b i l i t y  o f  r e s p o n s e  u n d e r  d i f f e r e n t  f l o w  c o n d i t i o n s  w a s  a l s o  i n v e s t i g a t e d .  
A  s u m m a r y  o f  t h e  r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  T a b l e  3 . 5 .  T h e  r e s u l t s  d e m o n s t r a t e  
t h a t  t h e  % R S D  o f  t h e  e l e c t r o d e  r e s p o n s e s  s h o w  l i t t l e  d e p e n d e n c e  o n  f l o w  r a t e .  T h e  
h i g h e r  % R S D  a t  E l  i s  p r o b a b l y  a  r e s u l t  o f  t u r b u l e n c e  i n  t h e  s a m p l e  p l u g  d u e  t o  i t s
c l o s e  p r o x i m i t y  t o  t h e  i n l e t .
%  R S D
F l o w  R a t e  ( m l / m i n ) E l E 2 E 3
0 . 9 1 . 2 0 . 7 0 . 7
1 . 8 1 . 3 0 . 8 0 . 8
T a b l e  3 . 5 .  T h e  % R S D  o f  r e s p o n s e  ( a r e a )  a t  e a c h  e l e c t r o d e  a t  t w o  d i f f e r e n t  f l o w  r a t e s .
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3.6 On-line polymerisation
A n  o n - l i n e  m e t h o d  f o r  t h e  p o l y m e r i s a t i o n  o f  p y r r o l e  w a s  t h e n  d e v e l o p e d  u s i n g  t h e  
f o u n t a i n  c e l l  a n d  t h e  S F A  s y s t e m .  T h e  t h r e e  d i f f e r e n t  m e t h o d s  u t i l i s e d  w e r e  a s  
f o l l o w s :
1 .  s t a t i c  p o l y m e r i s a t i o n ;
2 .  s t o p p e d - f l o w  p o l y m e r i s a t i o n ;
3 .  c o n t i n u o u s - f l o w  p o l y m e r i s a t i o n .
T h e  s t a t i c  p o l y m e r i s a t i o n  p r o c e d u r e  i n v o l v e d  p u m p i n g  a  p l u g  o f  p y r r o l e  ( 0 . 1  M  i n  0 . 1  
M  N a C l )  o f  s u f f i c i e n t  v o l u m e  i n t o  t h e  f o u n t a i n  c e l l ,  s t o p p i n g  t h e  f l o w  a n d  
p o l y m e r i s i n g  a t  + 8 0 0  m V  f o r  3  m i n u t e s .  T h e  p y r r o l e  w a s  t h e n  w a s  w a s h e d  o u t  o f  t h e  
c e l l  t o  w a s t e .  T h e  s t o p - f l o w  p o l y m e r i s a t i o n  i n v o l v e d  a  s i m i l a r  p r o c e d u r e ,  h o w e v e r ,  
t w o  5  s e c o n d  p e r i o d s  o f  c a r r i e r  s t r e a m  f l o w  w e r e  u t i l i s e d .  T h e  m e t h o d  u s e d  i s  
o u t l i n e d  i n  T a b l e  3 . 6
T i m e  ( s ) P u m p  S t a t e
6 0 o f f
5 o n  ( 0 . 6  m l / m i n )
6 0 o f f
5 o n  ( 0 . 6  m l / m i n )
5 0 o f f
Table 3.6. E v e n t  t a b l e  f o r  t h e  s t o p - f l o w  p o l y m e r i s a t i o n  p r o c e d u r e .
T h e  f i n a l  m e t h o d  u t i l i s e d  i n v o l v e d  c o n t i n u o u s l y  f l o w  o f  0 . 1  M  p y r r o l e  i n  a  0 . 1  M  N a C l  
c a r r i e r  s t r e a m  t h r o u g h  t h e  f l o w  c e l l  w i t h  t h e  e l e c t r o d e  h e l d  a t  a  c o n s t a n t  p o t e n t i a l  o f
C y c l i c  v o l t a m m o g r a m s  ( C V )  f o r  t h e  p o l y m e r  f i l m s  o b t a i n e d  u s i n g  t h e s e  m e t h o d s  a r e  
s h o w n  i n  F i g u r e s  3 . 2 0 - 3 . 2 2 .  I t  w a s  e x p e c t e d  t h a t  t h e  f i l m  t h i c k n e s s  o b t a i n e d  w i t h  f l o w  
t h r o u g h  p o l y m e r i s a t i o n  m e t h o d s  w o u l d  b e  g r e a t e r  t h a n  t h o s e  o b t a i n e d  w i t h  s t a t i c  
p o l y m e r i s a t i o n  d u e  t o  t h e  i n c r e a s e d  r a t e  o f  m a s s  t r a n s f e r  t o  t h e  e l e c t r o d e  s u r f a c e  i n  a  
f l o w i n g  s t r e a m .  T h e  r e s u l t s  o b t a i n e d  i n d i c a t e  t h e  r e v e r s e  t r e n d  a s  e x h i b i t e d  i n  t h e  
C V ’ s  s h o w n  i n  F i g u r e s  3 . 2 0  t o  3 . 2 2 .  T h i s  p r o b a b l y  d u e  t h e  n e g a t i v e  m e c h a n i c a l  
s h e a r i n g  e f f e c t  o f  t h e  f l o w i n g  s t r e a m  b e i n g  d o m i n a n t  o v e r  t h e  p o s i t i v e  e f f e c t  o f  
i n c r e a s e d  m a s s  t r a n s f e r .  I t  i s  b e l i e v e d  t h a t  m a n y  o f  t h e  i n i t i a l  o l i g o m e r s  f o r m e d  a r e  
s w e p t  a w a y  i n  t h e  c a r r i e r  s t r e a m  t h u s  r e m o v i n g  t h e  n e c e s s a r y  p r e c u r s o r  s i t e s  f o r  
p o l y m e r i c  f i l m  f o r m a t i o n .
+800 mV.
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aE  ( m V )  v s  A g / A g C l
Figure 3.21
(a) B a c k g r o u n d  s c a n  i n  0 . 1  M  N a C l  p r i o r  t o  p o l y m e r i s a t i o n .
(b) C y c l i c  v o l t a m m o g r a m  o f  p o l y p y r r o l e  c o a t e d  g l a s s y  c a r b o n  e l e c t r o d e  i n  0 . 1  M  
N a C l .  T h e  p y r r o l e  w a s  p o l y m e r i s e d  u s i n g  a  s t a t i c  p o l y m e r i s a t i o n  p r o c e d u r e  i n  t h e  
f o u n t a i n  c e l l . -  C o n d i t i o n s :  c u r r e n t  r a n g e ;  1 m A ,  s e n s i t i v i t y  X  a x i s ;  1 0 0  m V / c m ,  
s e n s i t i v i t y  Y  a x i s  1 0  m V / c m ,  s c a n  r a t e  5 0  m V  s ' 1.
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a]>A
E  ( m V )  v s  A g / A g C l
F i g u r e  3 . 2 2  ( a )
( a )  B a c k g r o u n d  s c a n  i n  0 . 1 M  N a C l  p r i o r  t o  p o l y m e r i s a t i o n .
(b) C y c l i c  v o l t a m m o g r a m  o f  p o l y p y r r o l e - c o a t e d  g l a s s y  c a r b o n  e l e c t r o d e  i n  0 . 1  M  
N a C l .  T h e  p y r r o l e  w a s  p o l y m e r i s e d  u s i n g  a  f l o w  r a t e  o f  0 . 3  m l / m i n .  C o n d i t i o n s :  
c u r r e n t  r a n g e ;  1 m A ,  s e n s i t i v i t y  X  a x i s ;  1 0 0  m V / c m ,  s e n s i t i v i t y  Y  a x i s  1 0  m V / c m ,  
s c a n  r a t e  5 0  m V  s ' 1.
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^  lj .1  A
+ 5 0 0
| ,
E (mV) vs Ag/AgCl
Figure 3.22 (b)
(a) Background scan in 0.1 M NaCl prior to polymerisation.
(b) Cyclic voltammogram o f  polypyrrole coated glassy carbon electrode in 0.1 M  
NaCl. The pyrrole was polymerised using a flow rate o f  0.6 ml/min. Conditions: 
current range; 1 mA, sensitivity X  axis; 100 mV/cm, sensitivity Y  axis 10 mV/cm, 
scan rate 50 mV s'1.
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U s i n g  t h e  o p t i m a l  s t o p - f l o w  p o l y m e r i s a t i o n  p r o c e d u r e ,  a  p o l y p y r r o l e  c o a t e d  e l e c t r o d e  
w a s  p r e p a r e d  i n  t h e  f o u n t a i n  c e l l .  T h e  c y c l i c  v o l t a m m o g r a m  o f  t h e  p o l y p y r r o l e  
e l e c t r o d e  i s  s h o w n  i n  F i g u r e  3  . 2 3 .  T h i s  C V  s h o w s  t h e  c l a s s i c  r e d o x  t r a n s i t i o n s  f r o m  
t h e  n e u t r a l  t o  c o n d u c t i n g  s t a t e  a t  p o t e n t i a l s  s i m i l a r  t o  t h o s e  o b s e r v e d  b y  o t h e r  w o r k e r s  
[ 1 0 0 ]  T h e  C V  o f  t h e  e l e c t r o d e  i n  0 . 1  M  g l y c i n e  i s  a l s o  s h o w n  i n  F i g u r e  3 . 2 3 .  T h e  C V  
i n d i c a t e s  t h e  s u i t a b i l i t y  o f  g l y c i n e  a s  a  c a r r i e r  s t r e a m  f o r  S F A  e x p e r m i n e n t s .  T h e  
e l e c t r o d e  w a s  t h e n  u s e d  t o  d e t e c t  c h l o r i d e  a n i o n s  p o l a r i s e d  a t  p o t e n t i a l  o f  + 5 0 0  m V  a s  
d e s c r i b e d  b y  W a r d  e t  a l .  [ 1 0 1 ] ,
T h e  r e s p o n s e s  o f  t h e  e l e c t r o d e  t o  5  i n j e c t i o n s  o f  1 0 0  p p m  o f  C l ' u s i n g  a  0 . 1  M  g l y c i n e  
c a r r i e r  s t r e a m  a r e  s h o w n  i n  F i g u r e  3 . 2 4 .  A  r e l a t i v e  s t a n d a r d  d e v i a t i o n  o f  3 . 2 %  w a s  
o b t a i n e d  f o r  t h e  5  i n j e c t i o n s .  H o w e v e r ,  t h e  r e s p o n s e  o f  t h e  e l e c t r o d e  w a s  o b s e r v e d  t o  
d e c r e a s e  c o n t i n u o u s l y  w i t h  t i m e ,  i n d i c a t i n g  t h a t  t h e  d o p i n g  p r o c e s s  i n  t h e  p o l y p y r r o l e  
w a s  i r r e v e r s i b l e .  O p t i m i s a t i o n  o f  t h e  p o l y m e r i s a t i o n  p r o c e s s  w o u l d  t h e r e f o r e  b e  
n e c e s s a r y  t o  p r o d u c e  a n  e l e c t r o d e  p o s s e s s i n g  t h e  n e c e s s a r y  c h a r a c t e r i s t i c s  f o r  u s e  i n  a  
f l o w  c e l l .  O n c e  t h i s  h a s  b e e n  a c h i e v e d  i t  w o u l d  t h e n  b e  p o s s i b l e  t o  d e v e l o p  a  s y s t e m  
c o n s i s t i n g  o f  o n - l i n e  p o l y m e r i s a t i o n  a s  a l r e a d y  d e s c r i b e d  a n d  a n  o n - l i n e  5  p o i n t  
s t a n d a r d i s a t i o n  p r o c e d u r e .  S t a n d a r d s  o f  t h e  a n i o n  t o  b e  d e t e c t e d  c o u l d  b e  p l a c e d  i n  
s e r i e s  a r o u n d  t h e  m u l t i - p o r t  v a l v e  a l l o w i n g  o n - l i n e  s t a n d a r d i s a t i o n  t o  b e  c a r r i e d  o u t .  
M u l t i - i n j e c t i o n s  o f  t h e  s t a n d a r d s  c a n  b e  u s e d  t o  i n c r e a s e  t h e  a c c u r a c y  o f  t h e  c a l i b r a t i o n  
c u r v e  w i t h o u t  a  l a r g e  i n c r e a s e  i n  t h e  a n a l y s i s  t i m e .  A l s o  t h e  u s e  o f  a n  o n - l i n e  
p o l y m e r i s a t i o n  p r o c e d u r e  s h o u l d  a l s o  i n c r e a s e  t h e  r e p r o d u c i b i l i t y  o f  t h e  p o l y m e r i s a t i o n  
p r o c e s s  c o u p l e d  w i t h  t h e  h i g h l y  r e p r o d u c i b l e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  f o u n t a i n  c e l l .
3.6.1 Anion Detection using a Polypyrrole Coated Electrode.
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Figure 3.23
( a )  C y c l i c  v o l t a m m o g r a m  o f  p o l y p y r r o l e  c o a t e d  g l a s s y  c a r b o n  e l e c t r o d e  i n  0 . 1  M  
N a C l .  T h e  p y r r o l e  w a s  p o l y m e r i s e d  u s i n g  t h e  s t o p - f l o w  p o l y m e r i s a t i o n  p r o c e d u r e .
(b) B a c k g r o u n d  s c a n  i n  0 . 1  M  N a C l  p r i o r  t o  p o l y m e r i s a t i o n .
( c )  B a c k g r o u n d  s c a n  o f  p o l y p y r r o l e  e l e c t r o d e  i n  0 . 1  M  g l y c i n e .  C o n d i t i o n s :  c u r r e n t  
r a n g e ;  1 m A ,  s e n s i t i v i t y  X  a x i s ;  1 0 0  m V / c m ,  s e n s i t i v i t y  Y  a x i s  1 0  m V / c m ,  s c a n  
r a t e  5 0  m V  s ' 1.
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Figure 3 . 2 4  (a) B a c k g r o u n d  r e s p o n s e  o f  p o l y p y r r o l e  e l e c t r o d e  i n  0 . 1  M  g l y c i n e .
TirrB(s)
Figure 3 . 2 4  ( b )  R e s p o n s e  a t  p o l y p y r r o l e  e l e c t r o d e  t o  5  i n j e c t i o n s  o f  1 0 0  p p m  C l '  
P o t e n t i a l  + 5 0 0  m V ,  c a r r i e r  s t r e a m  0 . 1  M  g l y c i n e .
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CHAPTER 4
ELECTROCHEMICAL DETECTION WITH 
CAPILLARY ELECTROPHORESIS
4.1 Introduction
C a p i l l a r y  e l e c t r o p h o r e s i s  ( C E )  h a s  f o u n d  w i d e s p r e a d  a p p l i c a t i o n  r e c e n t l y  d u e  t o  i t s  
e x c e l l e n t  s e p a r a t i o n  e f f i c i e n c i e s  a n d  s m a l l  s a m p l e  v o l u m e s  [ 7 0 ] ,  T h e  d e t e c t o r  o f  
c h o i c e  f o r  C E  h a s  b e e n  U V  s p e c t r o m e t r y  w h i c h  r e s u l t s  h o w e v e r  i n  r e l a t i v e l y  h i g h  
d e t e c t i o n  l i m i t s .  E f f o r t s  t o  i m p r o v e  t h e  l i m i t s  o f  d e t e c t i o n  f o r  C E  h a v e  f o c u s e d  o n  t h e  
d e v e l o p m e n t  o f  l a s e r  i n d u c e d  f l u o r e s c e n c e  [ 7 1 ,  7 2 ]  a n d  e l e c t r o c h e m i c a l  d e t e c t i o n  [ 7 3 -  
7 7 ] ,  T h e  d e v e l o p m e n t  o f  o n - c o l u m n  a n d  e n d - c o l u m n  e l e c t r i c a l  d e c o u p l e r s  h a s  m a d e  
t h e  r o u t i n e  i m p l e m e n t a t i o n  o f  e l e c t r o c h e m i c a l  d e t e c t i o n  w i t h  C E  p o s s i b l e .
T o  d a t e ,  t h e s e  e l e c t r o c h e m i c a l  d e t e c t i o n  s c h e m e s  h a v e  b e e n  b a s e d  o n  t h e  u s e  o f  
a m p e r o m e t r y  w i t h  a  s i n g l e  e l e c t r o d e  m a i n t a i n e d  a t  a  c o n s t a n t  p o t e n t i a l .  R o u t i n e  
a n a l y s i s  o f  c o m p l e x  s a m p l e s  w i t h  C E - E C  i s  p r o b l e m a t i c  b e c a u s e  o f  t h e  d i f f i c u l t y  i n  
a s s i g n i n g  a b s o l u t e  p e a k  i d e n t i t i e s  d u e  t o  s h i f t i n g  m i g r a t i o n  t i m e s .  T h i s  p r o b l e m  i s  
p a r t i c u l a r l y  a c u t e  i n  c o m p l e x  m a t r i c e s  w h e r e  t h e  a n a l y t e s  o f  i n t e r e s t  m a y  b e  a t  l o w  
c o n c e n t r a t i o n  a n d  a  l a r g e  n u m b e r  o f  p e a k s  a r e  o b t a i n e d .  H o w e v e r ,  t h e  u s e  o f  
v o l t a m m e t r i c  d e t e c t i o n  c a n  g i v e  3 - d i m e n s i o n a l  d e f i n i t i o n  o f  t h e  C E  p e a k s .  T h e  
v o l t a m m e t r i c  s h a p e  o f  a  p e a k  i s  g e n e r a l l y  c h a r a c t e r i s t i c  f o r  a  p a r t i c u l a r  c o m p o u n d ,  
a n d  c o u p l e d  w i t h  i t s  m i g r a t i o n  t i m e ,  a i d s  i n  t h e  i d e n t i f i c a t i o n  p r o c e s s .  I n  t h i s  c h a p t e r  
t h e  a p p l i c a t i o n  o f  b o t h  a m p e r o m e t r i c  a n d  v o l t a m m e t r i c  d e t e c t i o n  w i t h  C E  i s  d e s c r i b e d  
t o g e t h e r ,  w i t h  t h e i r  a p p l i c a t i o n  i n  d e t e r m i n i n g  p h e n o l i c  a c i d s .
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4.2 Hardware
I m p l e m e n t a t i o n  o f  t h e  v o l t a m m e t r i c  d e t e c t i o n  s y s t e m  r e q u i r e d  t h e  d e s i g n  a n d  
c o n s t r u c t i o n  o f  s o m e  a n a l o g  c i r c u i t s .  T h e s e  c i r c u i t s  w e r e  u s e d  f o r  s i g n a l  c o n d i t i o n i n g  
a n d  a c t i v a t i o n  o f  t h e  w o r k i n g  e l e c t r o d e s .  T h e  c o n s t r u c t i o n  o f  a  d i f f e r e n t i a l  a m p l i f i e r  
c i r c u i t  f o r  b a c k g r o u n d  s u b t r a c t i o n  o f  t h e  c h a r g i n g  c u r r e n t s  w a s  a l s o  n e c e s s a r y .
4.2.1 Deglitching and Smoothing Filter
G l i t c h e s  a r i s e  f r o m  i n s t a b i l i t i e s  w h e n  t h e  r e g i s t e r s  o f  t h e  D A C  a r e  b e i n g  s w i t c h e d  f r o m  
o n e  s t a t e  t o  a n o t h e r .  T h e y  a p p e a r  a s  s p i k e s  o n  t h e  s t a i r c a s e  v o l t a g e  r a m p  o u t p u t  o f  
t h e  D A C .  T h e y  a r e  p r o b l e m a t i c  b e c a u s e  t h e y  r e s u l t  i n  b r i e f  b u t  l a r g e  c h a n g e s  i n  t h e  
p o t e n t i a l  o f  t h e  w o r k i n g  e l e c t r o d e ,  w h i c h  i n  t u r n  r e s u l t s  i n  s i g n i f i c a n t  c h a n g e s  i n  t h e  
c h a r g i n g  c u r r e n t .  A  v a r i a b l e  f r e q u e n c y  (  1 0  k H z  t o  0 . 0 1  k H z )  l o w  p a s s  f i l t e r  w a s  
i n c o r p o r a t e d  o n  t h e  o u t p u t  o f  t h e  D A C  t o  r e m o v e  a n y  g l i t c h i n g .  A  s c h e m a t i c  o f  t h e  
c i r c u i t  i s  s h o w n  i n  F i g u r e  4 . 1 .
4.2.2 Activation Circuit (Potentiostat Modifications)
M o d i f i c a t i o n  o f  t h e  B A S  P A - 1  p o t e n t i o s t a t  w a s  n e c e s s a r y  f o r  s u c c e s s f u l  
i m p l e m e n t a t i o n  o f  t h e  e l e c t r o d e  a c t i v a t i o n  s c h e m e .  A n  a d d i t i o n a l  2  k Q  f e e d b a c k  
r e s i s t o r  w a s  a d d e d  t o  t h e  s t a n d a r d  P r e A m p l i f i e r  c i r c u i t  a s  s h o w n  i n  F i g u r e  4 . 2 .  T h i s  
r e s i s t o r  f a c i l i t a t e d  t h e  i n c r e a s e d  c u r r e n t  d e m a n d s  p l a c e d  o n  t h e  p o t e n t i o s t a t  d u r i n g  
a c t i v a t i o n  o f  t h e  w o r k i n g  e l e c t r o d e .  T h e  r e s i s t o r  w a s  c o n t r o l l e d  v i a  a  r e l a y  w h i c h  
a l l o w e d  s w i t c h i n g  i n  a n d  o u t  o f  t h e  r e s i s t o r  a s  r e q u i r e d .  A d d i t i o n a l l y ,  t h e  d e g l i t c h i n g  
f i l t e r  w a s  s w i t c h e d  o f f  d u r i n g  t h e  a c t i v a t i o n  p r o c e d u r e  a s  s h o w n  i n  F i g u r e  4 . 2 .
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Figure 4.2 S c h e m a t i c  o f  t h e  m o d i f i c a t i o n s  t o  t h e  P r e A m p l i f i e r  c i r c u i t  o f  t h e  P A - 1  f o r
e l e c t r o d e  a c t i v a t i o n .
4.2.3 Differential Amplifier Circuit
A  d i f f e r e n t i a l  a m p l i f i e r  c i r c u i t  w a s  c o n s t r u c t e d  f o r  d y n a m i c  b a c k g r o u n d  s u b t r a c t i o n  o f  
c h a r g i n g  c u r r e n t s  f r o m  t h e  t o t a l  c u r r e n t .  T h e  c i r c u i t  u t i l i s e d  i s  s h o w n  i n  F i g u r e  4 . 3 .  
T h e  f i r s t  m e a s u r e m e n t  c h a n n e l  u s e s  o n e  o f  t h e  d i f f e r e n t i a l  a n a l o g  i n p u t  c h a n n e l s  o f  t h e  
D A S  1 6 0 0  b o a r d  t o  o b t a i n  t h e  d i f f e r e n c e  i n  s i g n a l s  b e t w e e n  P r e A m p l i f i e r  A  a n d
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PreAmplifier B, which is then sampled by the ADC o f the board (channel 2).
F i g u r e  4 . 3  S c h e m a t i c  o f  t h e  d i f f e r e n t i a l  a m p l i f i e r  c i r c u i t  u s e d  f o r  s u b t r a c t i o n  o f  
c h a r g i n g  c u r r e n t s .
T h e  a n a l o g  c i r c u i t  c o n s t r u c t e d  w a s  b a s e d  o n  a n  I N A 1 0 5  i n s t r u m e n t a t i o n  o p - a m p  
( B u r r - B r o w n )  c o n f i g u r e d  a s  a  d i f f e r e n t i a l  a m p l i f i e r .  U n i t y  g a i n  v o l t a g e  f o l l o w e r s  
( T L 0 7 2 )  w e r e  p r o v i d e d  o n  t h e  i n p u t s  o f  t h e  d i f f e r e n t i a l  a m p l i f i e r .  A n  a m p l i f i e r  w i t h  
v a r i a b l e  g a i n  w a s  i n c l u d e d  o n  t h e  n o n - i n v e r t i n g  i n p u t  o f  t h e  d i f f e r e n t i a l  a m p l i f i e r .  T h e  
v a r i a b l e  g a i n  a m p l i f i e r  w a s  u s e d  t o  c o m p e n s a t e  f o r  d i f f e r e n c e s  i n  t h e  t w o  w o r k i n g  
e l e c t r o d e s  w h i c h  m i n i m i s e s  t h e  o u t p u t  o f  t h e  d i f f e r e n t i a l  a m p l i f i e r .  T h e  o u t p u t  o f  t h e  
d i f f e r e n t i a l  a m p l i f i e r  w a s  f i l t e r e d  b y  a  s e r i e s  o f  u s e r  s e l e c t a b l e  l o w  p a s s  f i l t e r s  i n  t h e  
r a n g e  1 0 0  H z  t o  2 0  k H z  b e f o r e  b e i n g  i n p u t t e d  t o  t h e  a n a l o g  i n p u t s  o f  t h e  D A S  1 6 0 0
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( c h a n n e l  3 ) .  A n  a d d i t i o n a l  a m p l i f i e r  c i r c u i t  p r o v i d i n g  g a i n s  o f  1 ,  1 0  a n d  1 0 0  w a s  
i n c l u d e d  f o r  h i g h  s e n s i t i v i t y  s i t u a t i o n s .
4.2.4 0 0 -D A S 1600  Data Acquisition\Control Card
T h e  D A S  1 6 0 0  ( C o m p u t e r  B o a r d s  I n c . ,  M A )  i s  a  m u l t i - f u n c t i o n a l  d i g i t a l  a n d  a n a l o g  
I / O  b o a r d  w i t h  a  b a s e  a d d r e s s  o f  3 0 0  H E X .  T h e  c a r d  c o n s i s t e d  o f  t h e  f o l l o w i n g  
f e a t u r e s :
•  8  d i f f e r e n t i a l  a n a l o g  i n p u t  c h a n n e l s  ( j u m p e r  s e l e c t a b l e ) ;
•  t w o  1 2  b i t  d i g i t a l - t o - a n a l o g  c o n v e r t e r s ;
•  1 6  b i t  a n a l o g - t o - d i g i t a l  c o n v e r t e r  ( s u c c e s s i v e  a p p r o x i m a t i o n )  a t  r a t e s  u p  t o  1 0 0  
k H z ;
•  8  d i g i t a l  I / O  l i n e s ;
•  8 2 5 4  c o u n t e r / t i m e r  c h i p .
T h e  u s e  o f  a  1 6  b i t  a n a l o g  t o  d i g i t a l  c o n v e r t e r  a f f o r d e d  a n  i n c r e a s e  i n  r e s o l u t i o n  o f  t h e  
v o l t a m m e t r i c  d a t a  ( 1  p a r t  i n  6 5 , 5 3 6 ) .  T h e  t i m i n g  f u n c t i o n s  o f  t h e  8 2 5 4  c o u n t e r / t i m e r  
c h i p  w e r e  a c c e s s e d  t o  c o n t r o l  s y n c h r o n i s a t i o n  o f  d a t a  a c q u i s i t i o n  w i t h  a p p l i c a t i o n  o f  
t h e  p o t e n t i a l  r a m p .  T h e  D A S  1 6 0 0  w a s  c o n t r o l l e d  a n d  m o n i t o r e d  b y  w r i t i n g  t o  a n d  
r e a d i n g  f r o m  c o n s e c u t i v e  8  b i t  I / O  l i n e s  a d d r e s s e s .
4.3 Software
S o f t w a r e  f o r  b o t h  d a t a  a c q u i s i t i o n  a n d  c o n t r o l  o f  t h e  i n s t r u m e n t a t i o n  w a s  w r i t t e n  i n  
T u r b o  C  ( B o r l a n d ) .  T h r o u g h  a  s e r i e s  o f  s o f t w a r e  m e n u s  i t  w a s  p o s s i b l e  v i a  t h e  
D A S  1 6 0 0  t o  s e t  a n d  c o n t r o l  a l l  t h e  i n s t r u m e n t  f u n c t i o n s  a n d  p a r a m e t e r s  s a v e  t h a t  o f  
s a m p l e  i n t r o d u c t i o n .  3 - d i m e n s i o n a l  d i s p l a y  o f  t h e  a c q u i r e d  d a t a  w a s  a v a i l a b l e  i n  r e a l  
t i m e  t o  t h e  u s e r .  D a t a  s e t s  w e r e  a c q u i r e d  a t  0 . 5  s  i n t e r v a l s .  E a c h  d a t a  s e t  c o n s i s t e d
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u s u a l l y  o f  5 0  d a t a  p o i n t s  i n  t h e  p o t e n t i a l  a x i s .  D u e  t h e  l a r g e  a m o u n t  o f  d a t a  a c q u i r e d  
i n  a  t y p i c a l  a n a l y s i s  r u n  ( 1 0  m i n u t e s )  i t  w a s  n e c e s s a r y  t o  u s e  a  R A M  d r i v e  f o r  d a t a  
s t o r a g e .  D a t a  w a s  w r i t t e n  t o  t h e  R A M  d r i v e  a s  t w o  m i n u t e  d a t a  b l o c k s .  E a c h  b l o c k  
o f  d a t a  c o n s i s t e d  o f  2 4 0  t i m e  p o i n t s  w i t h  5 0  p o t e n t i a l  p o i n t s .  D a t a  w a s  s t o r e d  i n  
f l o a t i n g  p o i n t  f o r m a t  w h i c h  r e q u i r e d  4  b y t e s  p e r  p o i n t .  A  t y p i c a l  1 0  m i n u t e s  r u n  w a s  
a p p r o x i m a t e l y  9 0 0  k B  i n  s i z e .  O n c e  t h e  a n a l y s i s  r u n  w a s  c o m p l e t e d  a  n u m b e r  o f  
o p t i o n s  w e r e  a v a i l a b l e  f o r  d a t a  h a n d l i n g  s u c h  a s  f u r t h e r  b a c k g r o u n d  s u b t r a c t i o n  o f  t h e  
d a t a ,  r e s c a l i n g  o f  t h e  d i s p l a y ,  g e o m e t r i c  c h a n g e  o f  t h e  d i s p l a y  a n g l e  a n d  s a v i n g  t h e  
d a t a  t o  t h e  h a r d  d i s k .  T h e  d a t a  w a s  s a v e d  i n  A S C I I  f o r m a t  t o  f a c i l i t a t e  p o s t - r u n  d a t a  
a n a l y s i s  i n  M i c r o C a l  O r i g i n  ( v e r .  3 . 5 ) .
4.4 Experimental
4.4.1 Chemicals
C a f f e i c ,  s i n a p i c ,  f e r u l i c ,  c h l o r o g e n i c ,  v a n i l l i c ,  p r o t o c a t e c h u i c ,  g e n t i s i c  a n d  p - c o u m a r i c  
p h e n o l i c  a c i d s  w e r e  a l l  o b t a i n e d  f r o m  S i g m a  ( S t .  L o u i s ,  M O ) .  H y d r o q u i n o n e  a n d  
c a t e c h o l  w e r e  r e c e i v e d  f r o m  S i g m a .  N a f i o n  p e r f l u o r i n a t e d  i o n  e x c h a n g e  p o w d e r  ( 5 %  
s o l u t i o n )  w a s  p u r c h a s e d  f r o m  A l d r i c h  ( M i l w a u k e e ,  W I ) .  A l l  o t h e r  c h e m i c a l  w e r e  
r e a g e n t  g r a d e  o r  b e t t e r  a n d  u s e d  a s  r e c e i v e d .
A l l  s t o c k  s o l u t i o n s  o f  t h e  p h e n o l i c  a c i d s  w e r e  p r e p a r e d  i n  0 . 1  M  p e r c h l o r i c  a c i d  a n d  
k e p t  r e f r i g e r a t e d  u n t i l  u s e .  P r i o r  t o  u s e ,  t h e  p h e n o l i c  a c i d  s t o c k  s o l u t i o n s  w e r e  d i l u t e d  
t o  t h e  r e q u i r e d  c o n c e n t r a t i o n  w i t h  b u f f e r  a n d  s t a b i l i s e d  w i t h  a n  E D T A / b i s u l p h i d e  
s o l u t i o n  c o n s i s t i n g  o f  8  m M  E D T A  a n d  0 . 1  m M  s o d i u m  b i s u l p h a t e .  C E  r u n  b u f f e r s  
w e r e  p r e p a r e d  b y  t i t r a t i n g  t h e  f r e e  a c i d  t o  t h e  d e s i r e d  p H  w i t h  s o l i d  s o d i u m  h y d r o x i d e  
s o l u t i o n .  A n  a l k a l i n e - E D T A  s o l u t i o n  f o r  c a p i l l a r y  a c t i v a t i o n  w a s  p r e p a r e d  b y  t i t r a t i n g
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0 . 5  M  d i s o d i u m  E D T A  w i t h  s o l i d  s o d i u m  h y d r o x i d e  t o  p H  1 3 .  A l l  s o l u t i o n s  w e r e  
p r e p a r e d  i n  d e i o n i s e d  w a t e r  w h i c h  w a s  o b t a i n e d  b y  p a s s i n g  d i s t i l l e d  w a t e r  t h r o u g h  a  
N a n o p u r e  w a t e r  p u r i f i c a t i o n  s y s t e m  ( S y b r o n - B a r n s t e d ,  B o s t o n ,  M A )  a n d  f i l t e r e d  
t h r o u g h  a  0 . 4 5  u r n  p o r e  s i z e  A c r o d i s c  s y r i n g e  f i l t e r  ( F i s h e r ,  F a i r  L a w n ,  N J )  b e f o r e  
u s e .
4.4.2 Working Electrode Construction
T h e  w o r k i n g  e l e c t r o d e s  f o r  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  w e r e  p r e p a r e d  b y  i n s e r t i n g  
a  3 3  ( a m  o . d .  c a r b o n  f i b e r  ( A v c o  S p e c i a l i t y  P r o d u c t s ,  L o w e l l ,  M A )  i n t o  a  5  c m  l e n g t h  
o f  f i i s e d - s i l i c a  c a p i l l a r y  o f  t h e  s a m e  t y p e  u s e d  f o r  t h e  e l e c t r o p h o r e s i s  ( 5 0  ( j .m  i  d . ) .  A  
s c h e m a t i c  o f  a  w o r k i n g  e l e c t r o d e  i s  s h o w n  i n  F i g u r e  4 . 4 .  T h e  c a r b o n  f i b e r  w a s  
a l l o w e d  t o  e x t e n d  a p p r o x i m a t e l y  2 5  m m  o n  e i t h e r  s i d e  o f  t h e  c a p i l l a r y .  P o l y - a c r y l a t e  
g l u e  w a s  a p p l i e d  t o  e i t h e r  e n d  o f  t h e  c a p i l l a r y  t o  f i x  t h e  f i b e r  i n  p o s i t i o n .  A  s t a n d a r d  
s y r i n g e  n e e d l e  w a s  c u t  t o  3 0  m m  i n  l e n g t h  w h i l e  r e t a i n i n g  t h e  s h a r p e n e d  t i p .  A t  
a p p r o x i m a t e l y  t h e  c e n t r e  p o i n t  o f  t h e  n e e d l e ,  a  5  m m  s e c t i o n  o f  t h e  n e e d l e  w a s  g r o u n d  
a w a y  t o  e x p o s e  t h e  i n t e r  c h a n n e l .  T h e  c a p i l l a r y  w a s  i n s e r t e d  t h r o u g h  t h e  f l a t  e n d  o f  
t h e  n e e d l e  u n t i l  t h e  c a r b o n  f i b e r  w a s  v i s i b l e .  S i l v e r  l o a d e d  e p o x y  w a s  a p p l i e d  t o  t h e  
f i b e r  t o  f i x  i t  i n  p o s i t i o n  a n d  t o  e s t a b l i s h  e l e c t r i c a l  c o n t a c t .
C
F i g u r e  4 . 4  C a r b o n  f i b e r  w o r k i n g  e l e c t r o d e ;  ( A )  3 3  | i m  c a r b o n  f i b e r ;  ( B )  s i l i c o n  g l u e ;
( C )  s e p t u m ;  ( D )  f u s e d  s i l i c a  c a p i l l a r y ;  ( E )  s i l i c o n  g l u e ;  ( F )  s i l v e r  l o a d e d  
e p o x y ;  ( G )  n e e d l e
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E p o x y  w a s  a p p l i e d  t o  t h e  j u n c t i o n  b e t w e e n  t h e  c a p i l l a r y  a n d  t h e  n e e d l e  b a r r e l ,  
e s t a b l i s h i n g  a  w a t e r  t i g h t  s e a l .  S i l i c o n  g l u e  w a s  t h e n  a p p l i e d  t o  t h e  c a r b o n  f i b e r -  
c a p i l l a r y  j u n c t i o n  t o  e f f e c t  a  w a t e r - t i g h t  s e a l .  T h e  e l e c t r o d e  w a s  a l l o w e d  t o  c u r e  f o r  2 4  
h  a t  r o o m  t e m p e r a t u r e .  T h e  e x p o s e d  c a r b o n  f i b e r  w a s  c u t  t o  t h e  r e q u i r e d  l e n g t h  
b e f o r e  u s e .
4.4.3 Construction of End-Column Decoupler
F u s e d  s i l i c a  c a p i l l a r y  ( 5 0  u r n  i d . )  f r o m  P o l y m i c r o  T e c h n o l o g i e s  ( P h o e n i x  A Z )  w e r e  
c u t  t o  d e s i r e d  l e n g t h s .  O n e  e n d  o f  t h e  c a p i l l a r y  w a s  g r o u n d  t o  a  c o n i c a l  s h a p e  w i t h  
a l u m i n a  p a p e r  ( 1 0 0 0  g r a d e ) .  T h i s  c o n i c a l  s h a p e  w a s  u s e d  t o  e n l a r g e  t h e  a r e a  t h a t  
c o n t a c t e d  t h e  N a f i o n  a n d  a l s o  t o  e n s u r e  a  s m o o t h  a n g l e .  T h i s  e n d  o f  t h e  c a p i l l a r y  w a s  
t h e n  g l u e d  t o  a  2 0  m m  x  5  m m  p i e c e  o f  e p o x y  b o a r d  t o  i m p r o v e  t h e  r i g i d i t y  o f  t h e  
c a p i l l a r y .  T h e  o t h e r  e n d  o f  t h e  c a p i l l a r y  w a s  g r o u n d  s u f f i c i e n t l y  t o  f a c i l i t a t e  f i t t i n g  o f  a  
T e f l o n  t u b e ,  w h i c h  i n  t u r n  w a s  c o n n e c t e d  t o  a  s y r i n g e .  B o t h  e n d s  o f  t h e  c a p i l l a r y  
w e r e  s o n i c a t e d  i n  e t h a n o l .  U s i n g  t h e  s y r i n g e ,  t h e  c a p i l l a r y  w a s  f l u s h e d  w i t h  e t h a n o l  t o  
r e m o v e  a n y  p a r t i c u l a t e  m a t t e r  a n d  t h e n  d r i e d  i n  a n  a r g o n  s t r e a m .  T h e  c a p i l l a r y  w a s  
i n t r o d u c e d  i n t o  a n  e l e c t r o p l a t i n g  c e l l  v i a  a  s e p t u m .  F r o m  t h e  o p p o s i t e  s i d e  o f  t h e  
e l e c t r o p l a t i n g  c e l l  a  s h o r t  p i e c e  o f  c a p i l l a r y  ( 3  c m  l o n g  a n d  1 0 0  | a m  i . d . )  w a s  
i n t r o d u c e d .  T h e  c a p i l l a r i e s  w e r e  a l i g n e d  w i t h  t h e  s p a t i a l  d i s t a n c e  b e t w e e n  t h e  
c a p i l l a r i e s  s e t  a t  1 c m .  B o t h  c a p i l l a r i e s  w e r e  t h r e a d e d  w i t h  a  p i e c e  o f  t u n g s t e n  w i r e  
( 2 0  c m  l o n g ,  4 7  j a m  i n  d i a m e t e r ,  C a l i f o r n i a  F i n e  W i r e  C o m p a n y ,  G r o v e r  C i t y ,  C A ) .  
T h e  t u n g s t e n  w i r e  w a s  c l e a n e d  b y  s o n i c a t i o n  i n  e t h a n o l  b e f o r e  u s e .  T h e  w i r e  w a s  
i n s e r t e d  i n t o  t h e  5 0  p i m  i . d .  c a p i l l a r y  t o  a  d e p t h  o f  1 0  c m  u n d e r  t h e  m i c r o s c o p e .  T h e  
o t h e r  e n d  o f  t h e  t u n g s t e n  w i r e  w a s  c o n n e c t e d  t o  a  g a l v a n o s t a t  ( M o d e l  1 7 3
153
P o t e n t i o s t a t / G a l v a n o s t a t ,  P r i n c e t o n  A p p l i e d  R e s e a r c h ,  P r i n c e t o n ,  N J ) .  T h e  w h o l e  
a s s e m b l y  w a s  i m m e r s e d  i n  a n  e l e c t r o p l a t i n g  s o l u t i o n  c o n s i s t i n g  o f  1 M  c o p p e r  s u l p h a t e  
a n d  0 . 5  M  s u l p h u r i c  a c i d .  T h e  e x p o s e d  p o r t i o n  o f  t h e  t u n g s t e n  w i r e  b e t w e e n  t h e  t w o  
c a p i l l a r i e s  w a s  p l a t e d  w i t h  c o p p e r  b y  a p p l y i n g  5  m A  f o r  1 0  s e c o n d s  f i r s t  a n d  t h e n  a  
s m a l l  p o r t i o n  ( s e v e r a l  m m )  o f  t h e  p l a t e d  w i r e  w a s  i n s e r t e d  i n t o  t h e  5 0  j ^ m  i . d .  c a p i l l a r y .  
W h i l e  i n s e r t i o n  w a s  p e r f o r m e d ,  t h e  p l a t i n g  c u r r e n t  w a s  l o w e r e d  t o  0 . 1  m A .  P l a t i n g  
a n d  i n s e r t i o n  w e r e  r e p e a t e d  u n t i l  t h e  p l a t e d  w i r e  c o m p l e t e l y  p a c k e d  t h e  5 0  p . m  i . d .  
c a p i l l a r y .  A t  t h i s  p o i n t  t h e  p l a t i n g  c u r r e n t  w a s  s e t  t o  5  m A  a n d  h e l d  c o n s t a n t  u n t i l  t h e  
r e q u i r e d  t h i c k n e s s  o f  c o p p e r  p l a t i n g  w a s  r e a c h e d  ( 9 0  j a m ,  t o t a l  d i a m e t e r  o f  t h e  p l a t e d  
w i r e ) .  T h e  5 0  ( i m  i . d .  c a p i l l a r y  w a s  f r e q u e n t l y  p u r g e d  w i t h  a i r  d u r i n g  t h i s  p r o c e s s .  
P u r g i n g  w a s  n e c e s s a r y  t o  e x c l u d e  t h e  b a t h  s o l u t i o n  f r o m  t h e  i n s i d e  o f  t h e  c a p i l l a r y .  
I m m e d i a t e l y  a f t e r  e l e c t r o p l a t i n g  w a s  f i n i s h e d ,  t h e  a s s e m b l y  w a s  w a s h e d  w i t h  d e i o n i s e d  
w a t e r  a n d  d r i e d .  D r o p s  o f  a  2  t o  1 m i x t u r e  o f  N a f i o n  ( a s  r e c e i v e d )  a n d  D M F  w a s  c a s t  
o n t o  t h e  w i r e  a n d  t h e  5 0  p . m  c a p i l l a r y  t o  c o n s t r u c t  a  N a f i o n  t u b e  a r o u n d  t h e  p l a t e d  
w i r e .  T h e  e n t i r e  a s s e m b l y  w a s  r o t a t e d  t o  e n s u r e  a  c o n t i n u o u s l y  l a y e r  o f  N a f i o n  a r o u n d  
t h e  w i r e  a n d  c a p i l l a r y .  T h e  f i n a l  t h i c k n e s s  o f  t h e  N a f i o n  l a y e r  w a s  e q u a l  t o  t h e  o u t s i d e  
d i a m e t e r  o f  t h e  c a p i l l a r y  ( « 3 6 0  f i m ) .  T h e  d e c o u p l e r  a s s e m b l y  w a s  c u r e d  i n  a n  o v e n  a t  
1 2 0 \ ° C  f o r  1 h .  T h e  a r e a  w h e r e  t h e  c a p i l l a r y  a n d  N a f i o n  s u p e r i m p o s e d  w a s  c o v e r e d  
w i t h  p o l y a c r y l a t e  g l u e  a n d  t h e n  c o v e r e d  w i t h  q u i c k - s e t  e p o x y  r e s i n .  T h e  e p o x y  w a s  
a l l o w e d  t o  c u r e  a t  r o o m  t e m p e r a t u r e  f o r  1 0 - 1 2  h o u r s .  T h e  c o m p l e t e l y  c u r e d  
d e c o u p l e r  a s s e m b l y  w a s  i m m e r s e d  i n  0 . 1  M  n i t r i c  a c i d .  T h e  c o p p e r  p l a t i n g  w a s  
r e m o v e d  b y  r e v e r s e  e l e c t r o l y s i s .  O n c e  t h e  c o p p e r  p l a t i n g  w a s  r e m o v e d  t h e  t u n g s t e n  
w i r e  c o u l d  b e  e a s i l y  r e m o v e d .  T h e  d e c o u p l e r  w a s  f l u s h e d  w i t h  d e i o n i s e d  w a t e r .  T h e  
N a f i o n  d e c o u p l e r  w a s  c u t  t o  a  l e n g t h  o f  1 m m  w i t h  a  r a z o r  b l a d e  u n d e r  a  m i c r o s c o p e .
F i g u r e  4 . 5  i l l u s t r a t e s  t h e  s t r u c t u r e  o f  t h e  d e c o u p l e r .  T h e  c a p i l l a r y  a n d  d e c o u p l e r  w e r e  
f l u s h e d  w i t h  0 . 5  M  E D T A  s o l u t i o n  ( p H  1 3 )  f o r  1 h o u r  t o  r e m o v e  a n y  c o p p e r  
r e m a i n i n g  i n  t h e  c a p i l l a r y  a n d  t h e  d e c o u p l e r .  T h e  c a p i l l a r y  w a s  f i n a l l y  f l u s h e d  w i t h  r u n  
b u f f e r  t o  o b t a i n  p H  e q u i l i b r i u m  i n s i d e  t h e  c a p i l l a r y  b e f o r e  u s e .
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F i g u r e  4 . 5  E n d - c o l u m n  d e c o u p l e r  s c h e m a t i c ,  ( A )  s e p a r a t i o n  c a p i l l a r y  ( 5 0  ( j .m  i  d . ) ;  ( B )  
e p o x y ;  ( C )  p o l y a c r y l a t e  g l u e ;  ( D )  N a f i o n ;  ( E )  c a r b o n  f i b e r  ( d i a m e t e r  3 3
M-m).
4.4.4 On-Column Decoupler
F u s e d - s i l i c a  c a p i l l a r i e s  o f  5 0  ^ m  i . d .  ( P o l y m i c r o  T e c h n o l o g i e s ,  P h o e n i x ,  A Z )  w e r e  c u t  
t o  t h e  d e s i r e d  l e n g t h s .  O n e  e n d  o f  t h e  c a p i l l a r y  w a s  g r o u n d  t o  a  c o n i c a l  s h a p e  w i t h  
1 0 0 0  g r a d e  s i l i c o n  c a r b i d e  p a p e r .  A f t e r  g r i n d i n g  t h e  c a p i l l a r y  w a s  f l u s h e d  w i t h  w a t e r .  
T h e  s e p a r a t i o n  c a p i l l a r y  w a s  p l a c e d  o n  a  p i e c e  o f  e p o x y  b o a r d  a n d  f i x e d  w i t h  e p o x y  
g l u e .  A  1 0  c m  p i e c e  o f  t u n g s t e n  w i r e  w a s  i n s e r t e d  i n t o  t h e  d e t e c t i o n  c a p i l l a r y  w h i c h  
w a s  t h e n  h e l d  i n  a n  e l e c t r o c h e m i c a l  c e l l  v i a  a  s e p t u m .  T h e  s e p a r a t i o n  c a p i l l a r y  w a s  
i n s e r t e d  i n t o  t h e  e l e c t r o c h e m i c a l  c e l l  o n  t h e  o p p o s i t e  s i d e  t o  t h e  d e t e c t i o n  c a p i l l a r y .  
T h e  t u n g s t e n  w i r e  w a s  i n s e r t e d  t h r o u g h  t h e  d e t e c t i o n  c a p i l l a r y  a n d  i n t o  t h e  s e p a r a t i o n  
c a p i l l a r y .  T h e  d i s t a n c e  b e t w e e n  t h e  c a p i l l a r i e s  w a s  a d j u s t e d  u n d e r  a  m i c r o s c o p e  t o  1
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c m .  E l e c t r o p l a t i n g  o f  t h e  t u n g s t e n  w i r e  a n d  a p p l i c a t i o n  o f  t h e  N a f i o n  w e r e  c a r r i e d  o u t  
a s  d e s c r i b e d  f o r  t h e  e n d - c o l u m n  d e c o u p l e r .  O n c e  t h e  N a f i o n  h a d  d r i e d ,  r e v e r s e  
e l e c t r o l y s i s  w a s  u s e d  t o  r e m o v e  t h e  c o p p e r  p l a t i n g  f r o m  t h e  t u n g s t e n .  T h e  t u n g s t e n  
w i r e  c o u l d  b e  e a s i l y  r e m o v e d  f r o m  t h e  c a p i l l a r i e s  a f t e r  r e m o v a l  o f  t h e  c o p p e r .  I f  a n y  
N a f i o n  s o l u t i o n  p e n e t r a t e d  i n t o  t h e  c a p i l l a r i e s  a n d  p a r t i a l l y  b l o c k e d  l i q u i d  f l o w ,  i t  w a s  
r e m o v e d  b y  i n j e c t i n g  a  s m a l l  a m o u n t  o f  5 0 %  i s o p r o p y l  a l c o h o l .  F i n a l l y  t h e  j o i n t  w a s  
f l u s h e d  w i t h  w a t e r .  T h e  e n d - c o l u m n  d e c o u p l e r  w a s  t h e n  c o n s t r u c t e d  o n  t h e  e n d  o f  t h e  
d e t e c t i o n  c a p i l l a r y .  T h e  a s s e m b l y  o f  t h e  o n - c o l u m n  a n d  e n d  c o l u m n  d e c o u p l e r s  i s  
s h o w n  i n  F i g u r e  4 . 6 .
E lectrochem ical C ell
E lectrod e
F i g u r e  4 . 6  E l e c t r o c h e m i c a l  c e l l  s c h e m a t i c  w i t h  o n - c o l u m n  a n d  e n d - c o l u m n  d e c o u p l e r  
c o n f i g u r a t i o n .
4.4.5 CE-EC System
T h e  C E  a p p a r a t u s  c o n s i s t e d  o f  a  p e r s p e x  s a f e t y  c a g e  f i t t e d  w i t h  a n  i n t e r l o c k  f o r  
o p e r a t o r  s a f e t y ,  w h i c h  h o u s e d  t h e  a n o d i c  h i g h  v o l t a g e  e n d  o f  t h e  c a p i l l a r y .  A  h i g h
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v o l t a g e  d c  ( 0 - 3 0  k V )  p o w e r  s u p p l y  ( G l a s s m a n  H i g h  V o l t a g e ,  W h i t e h o u s e  S t a t i o n ,  
N J )  w a s  c o n n e c t e d  t o  t h e  a n o d i c  e n d  o f  t h e  c a p i l l a r y .  T h e  e l e c t r o c h e m i c a l  c e l l  w h i c h  
w a s  c o n s t r u c t e d  “ i n  h o u s e ”  f r o m  a  T e f l o n  b l o c k ,  c o n s i s t e d  o f  a  c a t h o d i c  r e s e r v o i r  
c o n t a i n i n g  t h e  d e c o u p l e r s  w i t h  t h e  w o r k i n g  e l e c t r o d e ,  r e f e r e n c e  e l e c t r o d e  ( A g / A g C l )  
a n d  a  p l a t i n u m  c o u n t e r  e l e c t r o d e .
I n i t i a l l y ,  a  s e p a r a t e  c e l l  w a s  u t i l i s e d  f o r  b a c k g r o u n d  s u b t r a c t i o n  o f  t h e  c h a r g i n g  
c u r r e n t .  A  c a r b o n  f i b e r  e l e c t r o d e  w a s  h e l d  f r e e  s t a n d i n g  i n  t h e  c e l l  t o g e t h e r  w i t h  a  
A g / A g C l  r e f e r e n c e  e l e c t r o d e  a n d  p l a t i n u m  c o u n t e r  e l e c t r o d e .  T h e  c e l l  w a s  f i l l e d  w i t h  
0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .  T h e  p H  o f  t h i s  s o l u t i o n  a p p r o x i m a t e d  t h a t  w h i c h  w a s  
e x p e r i e n c e d  b y  t h e  w o r k i n g  e l e c t r o d e  i n  t h e  e n d - c o l u m n  d e c o u p l e r .  T h e  e n d - c o l u m n  
d e c o u p l e r  w a s  h e l d  i n  0 . 1  M  H C 1 .  P e r f u s i o n  o f  H + t h r o u g h  t h e  N a f i o n  d e c o u p l e r  
w h i c h  i s  a  c a t i o n  e x c h a n g e r ,  t i t r a t e d  t h e  p h o s p h a t e  r u n  b u f f e r  p H  6 . 0 .  T h e  
e l e c t r o c h e m i c a l  r e s p o n s e  o f  t h e  p h e n o l i c  a c i d s  i s  i n c r e a s e d  a t  l o w e r  p H .  H o w e v e r  t h i s  
t i t r a t i o n  p r o c e s s  w a s  n o t  s u f f i c i e n t l y  f a s t  e n o u g h ;  t h e r e f o r e  p H  m i s m a t c h i n g  o c c u r r e d  
b e t w e e n  t h e  l o c a l  e n v i r o n m e n t s  o f  b o t h  e l e c t r o d e s .  T h e  o n - c o l u m n  d e c o u p l e r  w a s  
p l a c e d  i n  f r o n t  o f  t h e  e n d - c o l u m n  d e c o u p l e r  t o  e n s u r e  a  h i g h  d e g r e e  o f  t i t r a t i o n  o f  t h e  
p h o s p h a t e  r u n  b u f f e r  p r i o r  t o  r e a c h i n g  t h e  e n d - c o l u m n  d e c o u p l e r .  T h e  e l e c t r o d e  f o r  
c o m p e n s a t i o n  w a s  n o r m a l l y  h e l d  i n  t h e  o n - c o l u m n  d e c o u p l e r  c e l l .
A s  d e s c r i b e d  e a r l i e r ,  a  d i f f e r e n t i a l  a m p l i f i e r  c i r c u i t  b a s e d  o n  a n  I N A 1 0 5  
i n s t r u m e n t a t i o n  o p - a m p  w a s  u s e d  t o  o u t p u t  t h e  d i f f e r e n c e  s i g n a l  b e t w e e n  t h e  w o r k i n g  
e l e c t r o d e s  t o  t h e  A D C  o f  t h e  D A S  1 6 0 0  c a r d .  F o r  v o l t a m m e t r i c  s t u d i e s ,  t h e  p H  o f  t h e  
b u f f e r  w a s  a d j u s t e d  a p p r o x i m a t e l y  t o  t h a t  e x p e r i e n c e d  b y  t h e  w o r k i n g  e l e c t r o d e  i n  t h e  
r e g i o n  o f  t h e  d e c o u p l e r .  S e t s  o f  m i c r o - p o s i t i o n e r s  ( N e w p o r t )  w e r e  u s e d  f o r  m o v e m e n t  
o f  t h e  c a r b o n  f i b e r  w o r k i n g  e l e c t r o d e  i n  3  d i m e n s i o n s ,  w h i c h  w a s  n e c e s s a r y  d u r i n g
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i n s e r t i o n  o f  t h e  w o r k i n g  e l e c t r o d e  i n t o  t h e  e n d - c o l u m n  d e c o u p l e r .  T h e  i n t e r f a c e  
b e t w e e n  t h e  c o m p u t e r  a n d  t h e  i n s t r u m e n t a t i o n  w a s  b a s e d  o n  a  C I O - D A S I 6O O  d a t a  
a c q u i s i t i o n / c o n t r o l  c a r d  ( C o m p u t e r B o a r d s  I n c . ,  M A . ) .  T w o  B A S  P A - 1  p o t e n t i o s t a t s  
w e r e  u s e d  f o r  c u r r e n t  m o n i t o r i n g  a n d  p o t e n t i a l  a p p l i c a t i o n  d u t i e s .  P o t e n t i a l  r a m p s  
w e r e  a p p l i e d  t o  t h e  p o t e n t i o s t a t s  v i a  o n e  o f  t h e  D / A  c o n v e r t e r s  o f  t h e  D A S  1 6 0 0  
c o n t r o l / a c q u i s i t i o n  c a r d .  S c a n  r a t e s  u p  t o  2 4  V  s ' 1 w e r e  i m p l e m e n t e d .  O n - l i n e  b o x - c a r  
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Computer +  Interface (DAS1600) Fused Silica 
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1  1 Three-Wav 
T 1 Valve
Argon
F i g u r e  4 . 7  S c h e m a t i c  o f  C E  s y s t e m .
4.4.6 Working Electrode Preparation
A  s t a n d a r d  a c t i v a t i o n  p r o c e d u r e  o f  t h e  c a r b o n  f i b e r  e l e c t r o d e  w a s  d e v e l o p e d  a n d  
u t i l i s e d  t h r o u g h o u t  t h i s  s t u d y .  T h e  p r o c e d u r e  c o n s i s t e d  o f  w a s h i n g  n e w  c o n s t r u c t e d  
e l e c t r o d e s  i n  d e i o n i s e d  w a t e r  a n d  t h e n  s c a n n i n g  ( 2 0  m V  s ' 1)  t h e m  i n  p h o s p h a t e  b u f f e r  
p H  6 . 0  t o  e n s u r e  t h a t  t h e  b a c k g r o u n d  w a s  s u f f i c i e n t l y  l o w  ( <  | 5 |  n A ) .  E l e c t r o d e s  t h a t
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d i d  n o t  m e e t  t h i s  i n i t i a l  r e q u i r e m e n t  w e r e  d i s c a r d e d .  T h e  e l e c t r o d e  w e r e  t h e n  
s o n i c a t e d  i n  5 %  ( v / v )  “ M i c r o ”  c l e a n i n g  s o l u t i o n  ( I n t e r n a t i o n a l  P r o d u c t s ,  T r e n t o n ,  N J )  
s o l u t i o n  f o r  1 m i n u t e .  T h e  b a c k g r o u n d  v o l t a m m o g r a m s  w e r e  a g a i n  r e c o r d e d  t o  e n s u r e  
t h a t  n o  m a j o r  c h a n g e  h a d  o c c u r r e d  i n  t h e  b a c k g r o u n d .  E l e c t r o d e s  w e r e  t h e n  
e l e c t r o c h e m i c a l l y  a c t i v a t e d  b y  t h e  a p p l i c a t i o n  o f  a  s c a n n i n g  p o t e n t i a l  r a m p  b e t w e e n  -  
2 0 0 0  m V  a n d  + 2 0 0 0  m V  a t  1 0  k H z  f o r  3 0  s .
4.4.7 Experimental Conditions
4 . 4 . 7 . 1  C y c l i c  V o l t a m m e t r y / F I A  S t u d i e s
C y c l i c  v o l t a m m c t r y  ( C V )  s t u d i e s  w e r e  c a r r i e d  o u t  i n  a n  o p e n  c e l l  w i t h  a  c a r b o n  f i b e r  
m i c r o e l e c t r o d e  ( 3 3  | i m ) ,  a  A g / A g C l  r e f e r e n c e  e l e c t r o d e  a n d  a  p l a t i n u m  c o u n t e r  
e l e c t r o d e .  A  s c a n  r a t e  o f  2 0  m V  s ' 1 w a s  u s e d  t h r o u g h o u t .  T h r e e  b u f f e r s  w e r e  u s e d  f o r  
t h e s e  i n v e s t i g a t i o n s :  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 ,  0 . 1  M  a c e t a t e  b u f f e r  p H  4 . 7 5  a n d  
0 . 1  M  p h o s p h a t e  b u f f e r  p H  6 . 0 .
T h e  p h y s i c a l  c o n f i g u r a t i o n  o f  t h e  C E  s y s t e m  w a s  n o t  c h a n g e d  f o r  t h e  F I A  s t u d i e s .  T h e  
s a m e  t h r e e  b u f f e r  s y s t e m s  t h a t  w e r e  u s e d  i n  C V  s t u d i e s  w e r e  u s e d  i n  s e q u e n c e  a s  
c a r r i e r  s t r e a m s  u n d e r  2 0  p s i  o f  a r g o n  p r e s s u r e .  A  6 5  m m  l o n g  c a p i l l a r y  ( 5 0  | i m )  
i n t e r n a l  d i a m e t e r  w a s  u s e d  f o r  a l l  F I A  m e a s u r e m e n t s  w i t h  a n  e n d - c o l u m n  d e c o u p l e r .  
S t a n d a r d  s o l u t i o n s  o f  p h e n o l i c  a c i d s  ( 1 0 0  ( J .M )  w e r e  p r e p a r e d  i n  e a c h  o f  t h e  t h r e e  
b u f f e r s  a s  r e q u i r e d .  P r e s s u r e  i n j e c t i o n  f o r  5  s e c o n d s  w a s  u s e d  t h r o u g h o u t  f o r  s a m p l e  
i n t r o d u c t i o n .  A  s c a n  r a t e  o f  1 8  V  s ' 1 w a s  u s e d  f o r  a l l  m e a s u r e m e n t s  w i t h  a  p o t e n t i a l  
w i n d o w  f r o m  +  2 0 0  m V  t o  +  1 0 0 0  m V .  T h e  2 - d i m e n s i o n a l  h y d r o d y n a m i c  
v o l t a m m o g r a m s  w e r e  e x t r a c t e d  a t  t h e  c u r r e n t  m a x i m a  a n d  p l o t t e d .
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P h o s p h a t e  b u f f e r  ( 2 5  m M ,  p H  6 . 0 )  w a s  u s e d  a s  t h e  r u n  b u f f e r  f o r  t h e  C E - U V  s t u d i e s .  
T h e  c a t h o d i c  r e s e r v o i r  w a s  a l s o  f i l l e d  w i t h  t h e  s a m e  b u f f e r .  A  s e p a r a t i o n  p o t e n t i a l  o f  
3 0  k V  w a s  u s e d  t h r o u g h o u t .  T h e  c a p i l l a r y  w a s  6 5  c m  i n  l e n g t h  w i t h  a  5 0  j j . m  i . d .  T h e  
c a p i l l a r y  w a s  f l u s h e d  w i t h  E D T A  s o l u t i o n  ( p H  1 3 )  p r i o r  t o  u s e  e a c h  d a y .
F o r  a m p e r o m e t r i c  d e t e c t i o n ,  2 5  m M  p h o s p h a t e  b u f f e r  p H  w a s  g e n e r a l l y  u s e d  a s  t h e  
r u n  b u f f e r .  H o w e v e r ,  f o r  t h e  a n a l y s i s  o f  b e e r  s a m p l e s ,  a  5 0  m M  p h o s p h a t e  b u f f e r  w a s  
u s e d .  T h e  h i g h e r  i o n i c  s t r e n g t h  w a s  r e q u i r e d  t o  a c h i e v e  g o o d  s e p a r a t i o n  o f  t h e  
s a m p l e .  T h e  c a t h o d i c  r e s e r v o i r  w a s  f i l l e d  w i t h  0 . 1  M  p e r c h l o r i c  a c i d .  T i t r a t i o n  o f  t h e  
p h o s p h a t e  b u f f e r  r e s u l t s  i n  h i g h e r  s e n s i t i v i t i e s  f o r  t h e  p h e n o l i c  a c i d s  a t  l o w e r  p H  
v a l u e s .  A  6 5  c m  l e n g t h  c a p i l l a r y  ( i . d .  5 0  | i m )  w i t h  a n  e n d - c o l u m n  d e c o u p l e r  w a s  u s e d  
f o r  s e p a r a t i o n s .  A  s e p a r a t i o n  p o t e n t i a l  o f  3 0  k V  w a s  u s e d .  T h e  c a p i l l a r y  w a s  f l u s h e d  
f o r  1 0  m i n u t e s  w i t h  E D T A  s o l u t i o n  ( p H  1 3 )  a t  t h e  s t a r t  o f  e a c h  d a y  a n d  s u b s e q u e n t l y  
f o r  1 m i n u t e  b e f o r e  e a c h  s e p a r a t i o n  r u n .  T h e  c a p i l l a r y  w a s  f i n a l l y  f l u s h e d  w i t h  t h e  r u n  
b u f f e r  f o r  1 m i n u t e  p r i o r  t o  s a m p l e  i n t r o d u c t i o n .  A  3  s e c o n d  e l e c t r o k i n e t i c  i n j e c t i o n  
w a s  u s e d  t h r o u g h o u t .
4.4.8 Beer Sample Preparation
t C i s  S e p - p a k  c a r t r i d g e s  ( W a t e r s  A s s o c i a t e ,  M i l f o r d ,  M A )  w e r e  p r e c o n d i t i o n e d  b y  
f l u s h i n g  2 0  m i s  o f  d e i o n i s e d  w a t e r  t h r o u g h  t h e  c a r t r i d g e  f o l l o w e d  b y  a  m i x t u r e  o f  0 . 7 5  
m l  o f  m e t h a n o l  a n d  0 . 2 5  m l  d e i o n i s e d  w a t e r  a n d  f i n a l l y  a  f u r t h e r  2 0  m l  o f  d e i o n i s e d  
w a t e r .  B e e r  s a m p l e s  ( 3 6  m l )  w e r e  a c i d i f i e d  w i t h  4  m i s  o f  0 . 1  M  p e r c h l o r i c  a c i d  t o  p H
4.4.7.2 C E  Separation  C onditions
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2 . 1 5 .  T h e  s a m p l e  w a s  t h e n  a p p l i e d  t o  t h e  t C i g  S e p - p a k  c a r t r i d g e .  T h e  c a r t r i d g e  w a s  
t h e n  f l u s h e d  w i t h  2  m l  o f  d e i o n i s e d  w a t e r .  T h e  p h e n o l i c  a c i d s  w e r e  e l u t e d  w i t h  2  m l  o f  
0 . 0 5  M  p h o s p h a t e  b u f f e r  p H  7 . 0 .
4.5 Results and Discussion
4.5.1 Background Subtraction
B a c k g r o u n d  s u b t r a c t i o n  i s  a n  i m p o r t a n t  t o o l  f o r  i n c r e a s i n g  t h e  s i g n a l  t o  n o i s e  r a t i o  o f  
v o l t a m m o g r a m s .  T h e  s t a n d a r d  s t r a t e g y  i n v o l v e s  c o l l e c t i o n  o f  t h e  b a c k g r o u n d  
v o l t a m m o g r a m s  p r i o r  t o  i n t r o d u c t i o n  o f  t h e  s a m p l e  ( u s u a l l y  i n  t h e  r u n  b u f f e r ) ,  s a v i n g  
t h i s  s i g n a l ,  a n d  f i n a l l y  s u b t r a c t i n g  t h i s  s i g n a l  f r o m  t h e  s a m p l e  t o  a c h i e v e  t h e  r e q u i r e d  
b a c k g r o u n d  c o r r e c t i o n .  T h e  p r o b l e m  w i t h  t h i s  a p p r o a c h  i s  t h a t  i t  d o e s  n o t  
a c c o m m o d a t e  c h a n g e s  i n  t h e  b a c k g r o u n d  w h i c h  m a y  o c c u r  d u r i n g  t h e  a n a l y s i s  r u n .  
W i t h  d y n a m i c  b a c k g r o u n d  c o m p e n s a t i o n  t h e  s y s t e m  c a n  r e s p o n d  a n d  c o r r e c t  f o r  
c h a n g e s  i n  t h e  b a c k g r o u n d  w h i l e  a  s a m p l e  i s  b e i n g  a n a l y s e d .  T h e  s y s t e m  i s  b a s e d  o n  
t h e  u s e  o f  t w o  w o r k i n g  e l e c t r o d e s  a n d  t w o  p o t e n t i o s t a t s .  O n e  e l e c t r o d e  i s  u s e d  a s  a  
s t a n d a r d  w o r k i n g  e l e c t r o d e ,  w h i l e  t h e  s e c o n d  e l e c t r o d e  i s  u s e d  s o l e l y  f o r  m e a s u r e m e n t  
t h e  c h a r g i n g  c u r r e n t  a n d  c o r r e c t i o n  o f  i t .
T h e  p r o c e d u r e  i n v o l v e s  t w o  s t e p s ;  f i r s t l y  t h e  d i f f e r e n t i a l  b a c k g r o u n d  b e t w e e n  t h e  t w o  
e l e c t r o d e s  i s  a c q u i r e d  i n  t h e  r u n  b u f f e r  u n d e r  s t a n d a r d  e l e c t r o p h o r e t i c  c o n d i t i o n s  a n d  
s t o r e d  i n  m e m o r y .  T h e  s e c o n d  s t e p  i n v o l v e s  s u b t r a c t i o n  o f  t h e  b a c k g r o u n d  s i g n a l  
o b t a i n e d  a t  t h e  w o r k i n g  e l e c t r o d e  f o r  c o m p e n s a t i o n  f r o m  t h e  s i g n a l  a t  t h e  r e a l  w o r k i n g  
e l e c t r o d e  v i a  t h e  d i f f e r e n t i a l  a m p l i f i e r  d u r i n g  t h e  a n a l y s i s  r u n .  T h e  p r e v i o u s l y  a c q u i r e d  
d i f f e r e n c e  b a c k g r o u n d  s i g n a l  i s  t h e n  d i g i t a l l y  s u b t r a c t e d  i n  r e a l  t i m e  f r o m  t h i s  s i g n a l  t o
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g i v e  t h e  f i n a l  c o r r e c t e d  s i g n a l .  T h i s  a p p r o a c h  r e s u l t s  i n  a  f l a t t e r  b a c k g r o u n d  w h i c h  
a l l o w s  g r e a t e r  r e s o l u t i o n  o f  t h e  f a r a d a i c  c u r r e n t  f r o m  t h e  b a c k g r o u n d .  T h i s  i s  
e s p e c i a l l y  i m p o r t a n t  w h e n  a n a l y s i n g  a n a l y t e s  a t  l o w  c o n c e n t r a t i o n s .  S e c o n d l y  t h e  
s y s t e m  c a n  b e  o p e r a t e d  a t  h i g h  s e n s i t i v i t i e s  e v e n  w i t h  h i g h  b a c k g r o u n d s  b e c a u s e  o f  
e f f e c t i v e  b a c k g r o u n d  s u b t r a c t i o n .  A t  s e n s i t i v i t i e s  o f  1 0 0  n A  f u l l  s c a l e  o r  l o w e r ,  t h e  
m a g n i t u d e  o f  t h e  b a c k g r o u n d  s i g n a l  i s  s u c h  t h a t  i t  o v e r l o a d s  t h e  s y s t e m ,  m a k i n g  
m e a s u r e m e n t  o f  t h e  f a r a d a i c  c u r r e n t  i m p o s s i b l e  e v e n  w h e n  t h i s  s i g n a l  i s  s m a l l .  T h u s  
t h e  m e a s u r e m e n t s  m u s t  b e  m a d e  a t  r e d u c e d  s e n s i t i v i t i e s ,  a n d  c o n s e q u e n t l y  r e s o l u t i o n  
d u r i n g  m e a s u r e m e n t  o f  t h e  d a t a  i s  l o s t  e v e n  w i t h  t h e  1 6 - b i t  A D C .
S t a n d a r d  b a c k g r o u n d  m e t h o d s  c a n  b e  u s e d  t o  s o m e  l i m i t e d  e f f e c t ;  h o w e v e r  
b a c k g r o u n d s  c a n  e a s i l y  c h a n g e  5 0 - 1 0 0  n A  b e t w e e n  r u n s ;  t h u s  l o s i n g  t h e  f a r a d a i c  
s i g n a l  a t  l o w e r  s e n s i t i v i t y  s e t t i n g s .  O n  t h e  o t h e r  h a n d ,  c u r r e n t  s c a l e s  s m a l l e r  t h a n  t h e  
m a g n i t u d e  o f  t h e  b a c k g r o u n d  c u r r e n t  c a n  b e  u s e d  i f  t h e  b a c k g r o u n d  c u r r e n t  i s  
s u b t r a c t e d  w i t h  t h e  s e c o n d  e l e c t r o d e  p r i o r  t o  a n a l o g - t o - d i g i t a l  c o n v e r s i o n .
T h e  a d v a n t a g e  o f  t h e  d u a l  e l e c t r o d e  c o n f i g u r a t i o n  o v e r  a  s i n g l e  e l e c t r o d e  i s  
d e m o n s t r a t e d  i n  F i g u r e  4 . 8 .  T h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  b a c k g r o u n d  o f  t h e  
s i n g l e  e l e c t r o d e  ( s e e  F i g u r e  4 . 8  ( A ) )  c o m p a r e d  t o  t h a t  o f  t h e  d u a l  e l e c t r o d e  s y s t e m  
( s e e  F i g u r e  4 . 8  ( B ) ) .
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F i g u r e  4 . 8  ( a )  B l a n k  w i t h  s i n g l e  w o r k i n g  e l e c t r o d e .  C o n d i t i o n s :  S c a n  r a t e  1 6  V  s ' 1,  
0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .
_  -60 
<
1 2 0 0  m V
1.0
Time (m inute) 300 mV
F i g u r e  4 . 8  ( b )  B l a n k  w i t h  d u a l  e l e c t r o d e  s y s t e m .  S c a n  r a t e  1 6  V  s ' 1, 0 . 1  M  p h o s p h a t e  
b u f f e r  p H  2 . 5 .
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1200 mV
F i g u r e  4 . 8 ( c )  V o l t a m m o g r a m  o f  1 0  ( J .M  p r o t o c a t e c h u i c  a c i d ,  w i t h  b a c k g r o u n d  s i g n a l  
s u b t r a c t e d  u s i n g  a  s i n g l e  e l e c t r o d e .  S c a n  r a t e :  1 6 V  s ’ 1.
Time (m inute)
200 mV
F i g u r e  4 . 8  ( d )  V o l t a m m o g r a m  o f  1 0  | i M  p r o t o c a t e c h u i c  a c i d  w i t h  b a c k g r o u n d  s i g n a l  
s u b t r a c t e d  u s i n g  a  d u a l  e l e c t r o d e  s y s t e m .  S c a n  r a t e :  1 6 V  s ' 1.
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T h e  d u a l  e l e c t r o d e  s y s t e m  e x h i b i t s  a  m u c h  f l a t t e r  b a c k g r o u n d .  T h e s e  d i f f e r e n c e s  a r e  
r e f l e c t e d  i n  t h e  b a c k g r o u n d  s u b t r a c t e d  v o l t a m m o g r a m s  o f  p r o t o c a t e c h u i c  a c i d  ( 1 0
H .M )  s h o w n  i n  F i g u r e s  4 . 8  ( C )  a n d  ( D ) .  T h e  d u a l  e l e c t r o d e  s y s t e m  r e s u l t s  i n  a  
s m o o t h e r  a n d  f l a t t e r  b a s e l i n e  c o m p a r e d  t o  t h a t  o f  a  s i n g l e  e l e c t r o d e .
T h e  i n i t i a l  v o l t a m m e t r i c  s y s t e m  w a s  b a s e d  o n  t h e  u s e  o f  a n  e n d - c o l u m n  d e c o u p l e r .  I t  
w a s  f o u n d  h o w e v e r  t h a t  t h e  e n d - c o l u m n  d e c o u p l e r  w a s  n o t  s a t i s f a c t o r y  i n  t e r m s  o f  i t s  
a b i l i t y  t o  f a c i l i t a t e  t i t r a t i o n  o f  t h e  r u n  b u f f e r  w i t h  t h e  e l e c t r o c h e m i c a l  c e l l  s o l u t i o n  ( 0 . 1  
M  H C 1 ) .  A n  o n - c o l u m n  d e c o u p l e r  w a s  t h e n  a d d e d  a p p r o x i m a t e l y  1 . 5  c m  i n  f r o n t  o f  
t h e  e n d - c o l u m n  d e c o u p l e r .  T h e  o n - c o l u m n  d e c o u p l e r  w a s  h e l d  i n  0 . 1  M  H C 1 .  N a f l o n ,  
w h i c h  i s  a  c a t i o n  e x c h a n g e r ,  a l l o w e d  p e r f u s i o n  o f  i f  i o n s  t h r o u g h  t h e  d e c o u p l e r  
t i t r a t i n g  t h e  r u n  b u f f e r .  T h e  c o m b i n a t i o n  o f  b o t h  d e c o u p l e r s  a l l o w e d  t i t r a t i o n  o f  t h e  
p h o s p h a t e  r u n  b u f f e r  p H  6 . 0  d o w n  t o  p H  2 . 5 ,  t h e  p H  w h i c h  t h e  w o r k i n g  e l e c t r o d e  f o r  
c o m p e n s a t i o n  w a s  e x p o s e d  t o .
4.5.2 Electrode Activation
P r e p a r a t i o n  o f  t h e  w o r k i n g  e l e c t r o d e  p l a y s  a  v i t a l  r o l e  i n  t h e  c o r r e c t  e l e c t r o c h e m i c a l  
b e h a v i o u r  o f  c a r b o n  f i b e r  e l e c t r o d e s .  A  s t a n d a r d  p r o c e d u r e  f o r  a c t i v a t i o n  o f  t h e  
c a r b o n  m i c r o e l e c t r o d e s  w a s  d e v e l o p e d  t o  m a x i m i s e  t h e  p e r f o r m a n c e  o f  t h e  e l e c t r o d e s .  
T h e  a c t i v a t i o n  p r o c e d u r e  c r i t e r i a  w e r e  b a s e d  o n  t h e  r e q u i r e m e n t s  t h a t  t h e  
s e n s i t i v i t y / v o l t a m m e t r i c  o f  r e s p o n s e  o f  t h e  e l e c t r o d e  s h o u l d  b e  i m p r o v e d  w i t h o u t  
i n c r e a s e  o f  t h e  b a c k g r o u n d  c u r r e n t .  S e c o n d l y  t h e  p r o c e d u r e  s h o u l d  r e p r o d u c i b l y  
a c t i v a t e  t h e  e l e c t r o d e  w i t h o u t  l o n g  t e r m  d e g r a d a t i o n  o f  t h e  e l e c t r o d e  p e r f o r m a n c e .  
F i g u r e  4 . 9  i l l u s t r a t e s  h o w  t h e  e l e c t r o c h e m i c a l  r e s p o n s e  o f  t h e  e l e c t r o d e  t o  c a t e c h o l  i s  
e n h a n c e d  w i t h  e a c h  s t e p  o f  t h e  a c t i v a t i o n  p r o c e d u r e  w i t h o u t  s i g n i f i c a n t  c h a n g e  i n  t h e
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b a c k g r o u n d  c u r r e n t .
F o r  s l o w  s c a n  w o r k  ( 2 0  m V / s e c ) ,  a n  a c t i v a t i o n  s c a n  r a t e  o f  6 . 2 5  k H z  w a s  f o u n d  t o  
g i v e  t h e  b e s t  r e s u l t s ,  w h e r e a s  f o r  h i g h  s p e e d  v o l t a m m e t r y ,  t h e  a c t i v a t i o n  f r e q u e n c y  
w a s  i n c r e a s e d  t o  1 0  k H z .  W i t h  n e w  e l e c t r o d e s ,  p o t e n t i a l  p u l s e s  f r o m  - 2 0 0 0  m V  t o  
+ 2 4 5 0  m V  w e r e  u s e d  t o  a c h i e v e  o p t i m u m  a c t i v a t i o n  o f  t h e  e l e c t r o d e  s u r f a c e .  A l l  
s u b s e q u e n t  a c t i v a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  a  s y m m e t r i c a l  p o t e n t i a l  w a v e f o r m  o f  
+ 2 0 0 0  m V .  T h i s  c o m b i n a t i o n  w a s  f o u n d  t o  m a x i m i s e  s e n s i t i v i t y  a n d  m a i n t a i n  
l o n g e v i t y  o f  e l e c t r o d e  p e r f o r m a n c e .  A  n u m b e r  o f  o t h e r  a c t i v a t i o n  s c a n  r a t e s  w e r e  
a d d i t i o n a l l y  e x a m i n e d .  H o w e v e r ,  t h e  1 0  k H z  s c a n  r a t e  c o n s i s t e n t l y  g a v e  r i s e  t o  t h e  
m o s t  s u i t a b l e  a c t i v a t i o n  o f  t h e  e l e c t r o d e  w i t h o u t  i n c r e a s e  o f  t h e  b a c k g r o u n d  c u r r e n t .
Potential (mV)
F i g u r e  4 . 9  A c t i v a t i o n  o f  c a r b o n  f i b e r  m i c r o e l e c t r o d e .  ( A )  B a c k g r o u n d  s c a n  a f t e r  e a c h  
s t e p  i n  t h e  a c t i v a t i o n  p r o c e d u r e ;  (B) i n i t i a l  s c a n  o f  3 0  p M  c a t e c h o l  w i t h  a  
n e w  e l e c t r o d e ;  ( C )  S c a n  o f  3 0  p M  c a t e c h o l  a f t e r  s o n i  c a t i o n  o f  t h e  
e l e c t r o d e  i n  m i c r o  c l e a n i n g  s o l u t i o n ;  (D) s c a n  o f  3 0  p M  c a t e c h o l  a f t e r  
e l e c t r o c h e m i c a l  a c t i v a t i o n  o f  t h e  e l e c t r o d e .  C o n d i t i o n s :  0 . 1  M  p h o s p h a t e  
b u i f e r  p H  6 . 0 ;  s c a n  r a t e :  2 0  m V  s ' 1.
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T h e  e f f e c t  o f  a c t i v a t i o n  o n  t h e  e l e c t r o c h e m i c a l  b e h a v i o u r  o f  t h e  c a r b o n  f i b e r  e l e c t r o d e s  
u s i n g  v o l t a m m e t r i c  d e t e c t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  4 . 9 .  T h e  d i f f e r e n c e s  i n  
b a c k g r o u n d s  b e t w e e n  t h e  a n  u n a c t i v a t e d  ( ■ )  a n d  a n  a c t i v a t e d  ( • )  e l e c t r o d e  i s  s h o w n  i n  
F i g u r e  4 . 1 0  ( A ) .
T h e  s c a n s  w e r e  c a r r i e d  o u t  i n  p h o s p h a t e  b u f f e r  p H  2 . 5  w i t h  a  s c a n  r a t e  o f  1 8  V / s e c .  
T h e  v o l t a m m e t r i c  r e s p o n s e s  t o  p r o t o c a t e c h u i c  a c i d  ( 1 0 0  n . M )  u s i n g  t h e  e l e c t r o d e  p r i o r  
t o  a c t i v a t i o n  a n d  a f t e r  a c t i v a t i o n  i s  p r e s e n t e d  i n  F i g u r e  4 . 1 0  ( B ) .  A  s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  v o l t a m m e t r i c  r e s p o n s e s  i s  v i s i b l e ,  a n d  c l e a r l y  i n d i c a t e s  t h e  n e c e s s i t a t e  
o f  t h e  a c t i v a t i o n  p r o c e d u r e .
Potential (mV) P o ten tia l (m V)
F i g u r e  4 . 1 0  A c t i v a t i o n  o f  c a r b o n  f i b e r  e l e c t r o d e  f o r  v o l t a m m e t r y .  ( A )  B a c k g r o u n d  
w i t h  u n a c t i v a t e d  e l e c t r o d e  ( ■ )  a n d  a n  a c t i v a t e d  e l e c t r o d e  ( • ) .  ( B )
V o l t a m m e t r i c  r e s p o n s e s  o f  a n  u n a c t i v a t e d  e l e c t r o d e  ( ■ )  a n d  a c t i v a t e d  
e l e c t r o d e  ( • )  t o  p r o t o c a t e c h u i c  a c i d  ( 1 0 0  p t M ) .  A l l  s c a n s  w e r e  c a r r i e d  
o u t  i n  o p e n  c e l l .  C o n d i t i o n s :  s c a n  r a t e  1 7 . 9  V  s ' 1;  0 . 1  M  p h o s p h a t e  b u f f e r  
p H  2 . 5 .
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C a r e f u l  c o n t r o l  o f  t h e  a c t i v a t i o n  p r o c e d u r e  w a s  h o w e v e r  r e q u i r e d .  T h e  e f f e c t  o f  o v e r  
a c t i v a t i o n  i s  s h o w n  i n  F i g u r e  4 . 1 1 .  E l e c t r o d e s  w h i c h  h a d  b e e n  o v e r - a c t i v a t e d  w e r e  
o b s e r v e d  t o  d e m o n s t r a t e  “ p e a k i n g ”  i n  t h e i r  v o l t a m m e t r i c  w a v e s .  S e c o n d l y ,  t h e  
h a l f w a v e  p o t e n t i a l  w a s  o b s e r v e d  t o  m o v e  t o  l e s s  p o s i t i v e  p o t e n t i a l s .  T h e  u s e  o f  
s y m m e t r i c a l  a c t i v a t i o n  p o t e n t i a l s  w a s  f o u n d  t o  r e d u c e  t h i s  p r o b l e m ,  a s  w a s  t h e  u s e  o f  
a c t i v a t i o n  p o t e n t i a l s  i n  t h e  r a n g e  <  + 2 V .
Potential (mV)
F i g u r e  4 . 1 1  T h e  v o l t a m m e t r i c  r e s p o n s e  o f  a  n o r m a l l y  a c t i v a t e d  e l e c t r o d e  ( ■ )  t o  1 0 0  
( . i M  p r o t o c a t e c h u i c  a c i d  a s  c o m p a r e d  t o  t h a t  o f  a n  o v e r - a c t i v a t e d  
e l e c t r o d e  ( • ) .  C o n d i t i o n s :  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 ;  s c a n  r a t e  1 8 . 0  
V / s e c ;  s c a n  r a n g e  + 3 0 0  t o  + 1 2 0 0  m V .
4.5.3 Scan Range Investigations
T h e  e f f e c t  o f  s c a n  r a n g e  o n  t h e  v o l t a m m e t r i c  r e s p o n s e  o f  t h e  c a r b o n  f i b e r  e l e c t r o d e s
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t h e n  w a s  i n v e s t i g a t e d .  T h e  v o l t a m m e t r i c  r e s p o n s e s  t o  p r o t o c a t e c h u i c  a c i d  ( 1 0 0  | i M )  
u s i n g  a  s c a n  r a n g e  o f  + 3 0 0  t o  + 1 2 0 0  m V  i s  s h o w n  i n  F i g u r e  4 . 1 2  ( A ) .
F i g u r e  4 . 1 2  ( A )  V o l t a m m e t r i c  r e s p o n s e s  t o  1 0 0  ( . i M  p r o t o c a t e c h u i c  a c i d  u s i n g  a  s c a n  
r a n g e  b e t w e e n  + 3 0 0  a n d  + 1 2 0 0  m V  a f t e r  b a c k g r o u n d  s u b t r a c t i o n .
( B )  V o l t a m m e t r i c  r e s p o n s e s  t o  1 0 0  ( i M  p r o t o c a t e c h u i c  a c i d  u s i n g  a  
s c a n  r a n g e  b e t w e e n  + 1 0 0  a n d  + 1 0 0 0  m V  a f t e r  b a c k g r o u n d  s u b t r a c t i o n .
( C )  V o l t a m m e t r i c  r e s p o n s e s  t o  1 0 0  ( J .M  p r o t o c a t e c h u i c  a c i d  u s i n g  a  
s c a n  r a n g e  b e t w e e n  - 1 0 0  a n d  + 8 0 0  m V  a f t e r  b a c k g r o u n d  s u b t r a c t i o n .  
C o n d i t i o n s :  s c a n  r a t e ;  1 6  V  s ' 1,  0 . 1  M  p h o s p h a t e  b u f f e r  p H  6 . 0 .
T h e  v o l t a m m o g r a m s  w e r e  o b t a i n e d  a t  6  m i n u t e  i n t e r v a l s .  A  c l e a r  d e c r e a s e  i n  t h e  
s e n s i t i v i t y  o f  r e s p o n s e  i s  o b s e r v e d  o v e r  t i m e .  A  s i m i l a r  t r e n d  i s  e x h i b i t e d  i n  F i g u r e  
4 . 1 2  ( B ) ,  w i t h  a  s c a n  r a n g e  o f  + 1 0 0  t o  +  1 0 0 0  m V .  T h e  d e c r e a s e  i n  s e n s i t i v i t y  i s ,
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h o w e v e r ,  n o t  a s  d r a m a t i c  o v e r  t i m e .  O n c e  t h e  s c a n  r a n g e  i s  m o v e d  i n t o  t h e  r e d u c t i v e  
r e g i o n ,  t h e  r e p r o d u c i b i l i t y  a n d  s e n s i t i v i t y  o f  t h e  v o l t a m m e t r i c  r e s p o n s e  i n  d r a m a t i c a l l y  
i m p r o v e d  ( s e e  F i g u r e  4 . 1 2  ( C ) ) .
T h i s  t r e n d  s u g g e s t s  t h a t  a  s u r f a c e  p h e n o m e n a  i s  o c c u r r i n g .  S c a n n i n g  d o w n  i n t o  t h e  
r e d u c t i v e  p o t e n t i a l s  m a y  a l l o w  r e d u c t i o n  o f  a n  a b s o r b e d  o x i d a t i v e  p r o d u c t .  A  s e c o n d  
p o s s i b i l i t y  i s  t h a t  t h e  r e d u c t i v e  w a v e  m a y  d i r e c t l y  e f f e c t  t h e  s u r f a c e  a c t i v a t i o n  a n d  i n  
t u r n  i n c r e a s e  r e p r o d u c i b i l i t y .  I t  a p p e a r s  t h a t  f o r  h i g h  s e n s i t i v i t y  a n d  r e p r o d u c i b i l i t y ,  
t h e  s c a n  r a n g e  m u s t  g o  d o w n  i n t o  t h e  r e d u c t i v e  r e g i o n  f o r  t h i s  s u b s t a n c e .
Potential (mV)
F i g u r e  4 . 1 3  V o l t a m m e t r i c  r e s p o n s e s  t o  1 0 0  | i M  p r o t o c a t e c h u i c  a c i d  a f t e r  b a c k g r o u n d  
s u b t r a c t i o n  u s i n g  t h r e e  d i f f e r e n t  s c a n  r a n g e s  i n  0 . 1  M  p h o s p h a t e  b u f f e r  
p H  2 . 5 .  ( • )  + 5 0 0  m V  t o  + 1 4 0 0  m V ,  ( ■ )  +  3 0 0  m V  t o  + 1 2 0 0  m V ,  ( A )  -  
1 0 0  m V  t o  + 1 0 0 0  m V .  S c a n  r a t e :  1 6  V / s e c .
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T h e  e f f e c t  o f  s c a n  r a n g e  a t  l o w e r  p H  w a s  a l s o  e x a m i n e d .  U s i n g  t h r e e  d i f f e r e n t  s c a n  
r a n g e s  i n  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 ,  v o l t a m m o g r a m s  o f  p r o t o c a t e c h u i c  a c i d  ( 1 0 0  
( J .M )  w e r e  o b t a i n e d  u n d e r  o p e n  c e l l  c o n d i t i o n s .  T h e  r e s u l t s  o b t a i n e d  a s  s h o w n  i n  
F i g u r e  4 . 1 3  d i s p l a y  a  s i m i l a r  t r e n d  t o  t h a t  s e e n  i n  F i g u r e  4 . 1 2 .  T h e  e f f e c t  o f  t h e  s c a n  
r a n g e  w a s  c o n c l u d e d  t o  b e  i n d e p e n d e n t  o f  p H .
4.5.4 Ionic Strength
I o n i c  s t r e n g t h  c l e a r l y  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  m i n i m i s a t i o n  o f  c h a r g i n g  c u r r e n t s  
e f f e c t s .  I t  a l s o  w a s  f o u n d  t h a t  i o n i c  s t r e n g t h  p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  
v o l t a m m e t r i c  r e s p o n s e .  T h e  v o l t a m m o g r a m s  o b t a i n e d  u s i n g  p h o s p h a t e  b u f f e r s  i n  t h e  
c o n c e n t r a t i o n  r a n g e  1 0 0  t o  5  m M  a r e  s h o w n  i n  F i g u r e  4 . 1 4 .
Potential (mV)
F i g u r e  4 . 1 4  E f f e c t  o f  i o n i c  s t r e n g t h  o n  v o l t a m m e t r i c  r e s p o n s e  t o  1 0 0  | o M  
p r o t o c a t e c h u i c  a c i d .  P h o s p h a t e  b u f f e r  p H  2 . 5 ,  c o n c e n t r a t i o n :  ( ■ )  1 0 0  
m M ,  ( • )  5 0  m M ,  ( ▲ )  1 0  m M ,  (T ) 5  m M .
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B o t h  t h e  s h a r p n e s s  o f  t h e  v o l t a m m e t r i c  c u r v e  a n d  t h e  s e n s i t i v i t y  o f  r e s p o n s e  w a s  
o b s e r v e d  t o  d e c r e a s e  w i t h  d e c r e a s i n g  i o n i c  s t r e n g t h .  A s  t h e  i o n i c  s t r e n g t h  d e c r e a s e s ,  
t h e  c o n d u c t i v i t y  a l s o  d e c r e a s e s  t h u s  m a k i n g  t h e  i R  d r o p  a  m o r e  i m p o r t a n t  f a c t o r .  T h i s  
r e s u l t s  i n  t h e  t r e n d  o b s e r v e d  i n  F i g u r e  4 . 1 4 .
- 4 0 0  - 2 0 0  0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0
Potential (mV)
F i g u r e  4 . 1 5  C y c l i c  v o l t a m m o g r a m s  o f  p h e n o l i c  a c i d s  i n  p h o s p h a t e  b u f f e r ;  ( 1 )  v a n i l l i c  
a c i d ;  ( 2 )  g e n t i s i c  a c i d ;  ( 3 )  c a f f e i c  a c i d ;  ( 4 )  p r o t o c a t e c h u i c  a c i d ;  ( 5 )  p -  
c o u m a r i c  a c i d ;  ( 6 )  c h l o r o g e n i c  a c i d ;  ( 7 )  s i n a p i c  a c i d ;  ( 8 )  f e r u l i c  a c i d ;  a n d  
( 9 )  b a c k g r o u n d .  C o n d i t i o n s :  s c a n  r a t e  2 0  m V / s ' 1; b u f f e r :  0 . 1  M  p h o s p h a t e  
b u f f e r  p H  2 . 5 ;  c o n c e n t r a t i o n :  3 0  p . M .
4.5.5 Cyclic Voltammetry and FIA Studies
S l o w  s c a n  ( 2 0  m V / s e c )  c y c l i c  v o l t a m m e t r y  w a s  u s e d  f o r  i n i t i a l  i n v e s t i g a t i o n s  o f  t h e  
e l e c t r o c h e m i c a l  b e h a v i o u r  o f  t h e  p h e n o l i c  a c i d s .  S c a n s  w e r e  c a r r i e d  o u t  i n  t h r e e
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d i f f e r e n t  b u f f e r  s y s t e m s .  T h e  r e s u l t s  c l e a r l y  i n d i c a t e d  t h e  s i g n i f i c a n t  e f f e c t  o f  p H  o n  
t h e  e l e c t r o c h e m i c a l  b e h a v i o u r  o f  t h e  p h e n o l i c  a c i d s .  T h e  C V ’ s  f o r  t h e  p h e n o l i c  a c i d s  
i n  p h o s p h a t e  b u f f e r  p H  2 . 5  a r e  s h o w n  i n  F i g u r e  4 . 1 5 .  A s  e x p e c t e d  t h e  h a l f w a v e  
p o t e n t i a l s  o f  t h e  a c i d s  w e r e  o b s e r v e d  t o  m o v e  t o  m o r e  p o s i t i v e  p o t e n t i a l s  w i t h  
d e c r e a s i n g  p H .
Potential (mV)
F i g u r e  4 . 1 6  E f f e c t  o f  p H  o n  c a f f e i c  a c i d  r e s p o n s e :  ( 1 )  0 . 1  M  p h o s p h a t e  b u f f e r  p H  6 . 0 ;
( 2 )  0 . 1  M  a c e t a t e  b u f f e r  4 . 7 5 ;  ( 3 )  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .  
C o n d i t i o n s :  s c a n  r a t e :  1 8  V  s ' 1; c o n c e n t r a t i o n :  1 0 0  p . m ;  s c a n  r a n g e  0  t o  
+ 1 0 0 0  m V .  A r g o n  p r e s s u r e :  2 0  p s i .
F I A  w a s  u s e d  r a t h e r  t h a n  e l e c t r o p h o r e s i s  i n  a n  e f f o r t  t o  m i n i m i s e  t h e  a m o u n t  o f  
d i s t o r t i o n  o b t a i n e d  i n  t h e  v o l t a m m e t r i c  c u r v e s .  T h e  r e s u l t s  o b t a i n e d  r e f l e c t e d  a  s i m i l a r  
t r e n d  t o  t h o s e  o b t a i n e d  w i t h  t h e  c y c l i c  v o l t a m m e t r y .  T h e  h a l f w a v e  p o t e n t i a l s  o f  t h e  
p h e n o l i c  a c i d s  w e r e  a g a i n  s h i f t e d  t o  m o r e  p o s i t i v e  p o t e n t i a l s  w i t h  d e c r e a s i n g  p H .  A  
d r a m a t i c  i n c r e a s e  i n  t h e  s e n s i t i v i t y  o f  r e s p o n s e  w a s  o b s e r v e d  w i t h  d e c r e a s i n g  p H .  T h i s
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f a c t  w a s  a l s o  r e f l e c t e d  i n  t h e  s l o w  s c a n  C V  r e s u l t s  b u t  a t  a  s i g n i f i c a n t l y  r e d u c e d  l e v e l .  
T h e  2 - d i m e n s i o n a l  h y d r o d y n a m i c  v o l t a m m o g r a m s  w e r e  e x t r a c t e d  a t  t h e  c u r r e n t  
m a x i m a  a n d  p l o t t e d .  T h e  2 - d  h y d r o d y n a m i c  v o l t a m m o g r a m s  f o r  c a f f e i c  a c i d  a r e  
s h o w n  i n  F i g u r e  4 . 1 6  B o t h  t h e  i n c r e a s e  i n  s e n s i t i v i t y  a n d  t h e  s h i f t  i n  h a l f w a v e  
p o t e n t i a l s  w i t h  p H  a r e  c l e a r l y  v i s i b l e .  T h e  h a l f w a v e  p o t e n t i a l  w a s  2 8 2  m V  a t  p H  6 . 0 ,  
3 8 5  m V  a t  p H  4 . 7 5  a n d  4 5 5  m V  a t  p H  2 . 5 .
T h e  h y d r o d y n a m i c  v o l t a m m o g r a m s  o f  t h e  p h e n o l i c  a c i d s  i n  p h o s p h a t e  b u f f e r  p H  2 . 5
a r e  p r e s e n t e d  i n  F i g u r e  4 . 1 7 .  T h e y  w e r e  e x t r a c t e d  f r o m  t h e i r  r e s p e c t i v e  3 - d i m e n s i o n a l  
v o l t a m m o g r a m s .
Potential (mV)
F i g u r e  4 . 1 7  T h e  F I A  r e s p o n s e s  o f  p h e n o l i c  a c i d s  i n  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .
( 1 )  c a f f e i c  a c i d ;  ( 2 )  g e n t i s i c  a c i d ;  ( 3 )  c h l o r o g e n i c  a c i d ;  ( 4 )  p r o t o c a t e c h u i c  
a c i d ;  ( 5 )  f e r u l i c  a c i d ;  ( 6 )  s i n a p i c  a c i d ;  ( 7 )  v a n i l l i c  a c i d ,  a n d  ( 8 )  p - c o u m a r i c  
a c i d .  C o n d i t i o n s :  s c a n  r a t e :  1 8  V / s e c ;  s c a n  r a n g e :  2 0 0  t o  + 1 0 0 0  m V ;  




























Vanillic Acid Sinapic Acid
F igure  4.18 Phenolic acid structures.
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T h e  d i - h y d r o x y l  p h e n o l i c  a c i d s  w e r e  f o u n d  t o  d e m o n s t r a t e  t h e  g r e a t e s t  s e n s i t i v i t y  o f  
r e s p o n s e  d u e  t o  t h e i r  n = 2  e l e c t r o n  r e a c t i o n .  T h e  m o n o - h y d r o x y l  a c i d s  c o n s i s t e n t l y  
i l l u s t r a t e d  s i g n i f i c a n t l y  l e s s  s e n s i t i v i t y  a s  c o m p a r e d  t o  t h e  d i - h y d r o x y l  a c i d s .  T h e  
s t r u c t u r e s  o f  t h e  p h e n o l i c  a c i d s  s t u d i e d  a r e  s h o w n  F i g u r e  4 . 1 8 .
4.5.6 Scan Rate
T h e  s c a n  r a t e  o f  t h e  p o t e n t i a l  r a m p  f o r m  i s  a n  i m p o r t a n t  p a r a m e t e r  i n  t h e  o p t i m i s a t i o n  
o f  v o l t a m m e t r i c  d e t e c t i o n .  T h e  s c a n  r a t e  a f f e c t s  b o t h  t h e  s e n s i t i v i t y  o f  r e s p o n s e  a n d  
t h e  m a g n i t u d e  o f  c h a r g i n g  c u r r e n t .  V o l t a m m e t r i c  d e t e c t i o n  i n  C E  n e c e s s i t a t e s  t h e  u s e  
o f  h i g h  s c a n  r a t e s  b e c a u s e  o f  t h e  e x t r e m e l y  n a r r o w  n a t u r e  o f  t h e  C E  p e a k s .  S l o w  s c a n  
r a t e s  ( <  2 V / s e c )  c o u l d  c a u s e  d i s t o r t i o n  o f  t h e  p e a k  o r  m i s s  t h e  p e a k  e n t i r e l y .  T h e  s c a n  
r a t e s  u s e d  i n  t h i s  w o r k  r a n g e d  f r o m  2  V / s e c  t o  2 4  V / s e c .  T h e  o p t i m u m  s c a n  r a t e s  
w e r e  c h o s e n  f o r  t h e i r  r e p r o d u c i b i l i t y  o f  r e s p o n s e ,  m i n i m a l  b a c k g r o u n d  c h a r g i n g  
c u r r e n t s ,  m i n i m a l  d i s t o r t i o n  o f  t h e  v o l t a m m e t r i c  w a v e  a n d  s h i f t  i n  t h e  h a l f w a v e  
p o t e n t i a l s .  V o l t a m m o g r a m s  o f  p r o t o c a t e c h u i c  a c i d  ( 1 0 0  | i M )  o b t a i n e d  a t  s c a n  r a t e s  i n  
t h e  r a n g e  2 . 0  t o  1 9 . 0  V / s e c  a r e  p r e s e n t e d  i n  F i g u r e  4 . 1 9  ( A ) .  T h e  v o l t a m m o g r a m s  
p r e s e n t e d  h a v e  b e e n  b a c k g r o u n d  s u b t r a c t e d .  T h e  s e n s i t i v i t y  i n c r e a s e s  a s  e x p e c t e d  w i t h  
s c a n  r a t e .  T h e  h a l f w a v e  p o t e n t i a l s  a r e  a l s o  o b s e r v e d  t o  s h i f t  t o  m o r e  p o s i t i v e  
p o t e n t i a l s  a s  t h e  s c a n  r a t e  i n c r e a s e s .  T h e  e l e c t r o c h e m i c a l  b e h a v i o u r  o f  t h e  c a r b o n  f i b e r  
a p p e a r s  t o  b e  d e p e n d e n t  o n  t h e  s c a n  r a t e .  A s  t h e  s c a n  r a t e  i n c r e a s e s  t h e  e l e c t r o d e  
a p p e a r s  t o  l o s e  s o m e  o f  i t s  m i c r o e l e c t r o d e  c h a r a c t e r i s t i c s  a n d  s t a r t s  t o  e x h i b i t  s o m e  
m a c r o e l e c t r o d e  c h a r a c t e r i s t i c s .  T h i s  c a n  b e  s e e n  i n  t h e  c h a n g e  f r o m  a  f l a t  p l a t e a u  a t  
s c a n  r a t e  2 . 0  V / s e c  t o  a  p e a k  p l a t e a u ’ s  a t  h i g h e r  s c a n  r a t e s  a s  a  d e p l e t i o n  l a y e r  i s  
f o r m e d .
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Potential (mV)
F i g u r e  4 . 1 9  ( A )  V o l t a m m e t r i c  c u r v e s  a f t e r  b a c k g r o u n d  s u b t r a c t i o n  f o r  1 0 0  ( i M  
p r o t o c a t e c h u i c  a c i d  c a r r i e d  o u t  i n  o p e n  c e l l  u s i n g  s c a n  r a t e s  i n  t h e  r a n g e
2 . 5  V / s e c  t o  1 9 . 0  V / s e c .  ( ■ )  2 . 5  V / s e c ,  ( • )  8 . 0  V / s e c ,  (A) 1 2 . 0  
V / s e c ,  ( T )  1 6 . 0  V / s e c ,  ( ♦ )  1 9 . 0  V / s e c .  E l e c t r o l y t e :  0 . 1  M  p h o s p h a t e  
b u f f e r  p H  2 . 5 .
( B )  B a c k g r o u n d  s c a n s  u s i n g  s c a n  r a t e s  i n  t h e  r a n g e  2 . 5  V / s e c  t o  1 9 . 0  
V / s e c .  ( ■ )  2 . 5  V / s e c ,  ( • )  8 . 0  V / s e c ,  (A) 1 2 . 0  V / s e c ,  (T ) 1 6 . 0  V / s e c ,  
( ♦ )  1 9 . 0  V / s e c .  E l e c t r o l y t e :  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .
P l o t s  o f  t h e  b a c k g r o u n d  a t  t h e  d i f f e r e n t  s c a n  r a t e s  a r e  s h o w n  i n  F i g u r e  4 . 1 9  ( B ) .  
T a k i n g  t h e  r a t i o  o f  t h e  v o l t a m m o g r a m  a t  t h e i r  p e a k  c u r r e n t s  v e r s u s  t h e i r  b a c k g r o u n d s ,
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i t  w o u l d  a p p e a r  t h a t  t h e  l o w e r  s c a n  r a t e  w o u l d  g i v e  y o u  a  b e t t e r  S / N  r a t i o  . A s  a  r e s u l t  
o f  t h e  e f f e c t i v e  b a c k g r o u n d  s u b t r a c t i o n  r e g i m e  u s e d  i n  t h e  s y s t e m  i t  w a s  p o s s i b l e  t o  
u s e  h i g h e r  s c a n  r a t e s ,  t a k i n g  a d v a n t a g e  o f  t h e  i n c r e a s e d  s e n s i t i v i t y  w i t h o u t  a d v e r s e  
e f f e c t  o n  t h e  s i g n a l  t o  b a c k g r o u n d  r a t i o .
4.5.7 Determination of Phenolic Acids
4 . 5 . 7 . 1  S a m p l e  P r e p a r a t i o n
P r e - t r e a t m e n t  o f  t h e  b e e r  s a m p l e s  p r i o r  t o  i n j e c t i o n  w a s  n e c e s s a r y  f o r  t w o  r e a s o n s .  
F i r s t l y  t h e  l a r g e  n e u t r a l  p e a k  ( a t  4  m i n u t e s )  r e s u l t e d  i n  d i s t o r t i o n  o f  t h e  b a s e l i n e  d u r i n g  
v o l t a m m e t r i c  d e t e c t i o n  ( s e e  F i g u r e  4 . 2 0  ( A ) ) .  S e c o n d l y  t h e  p h e n o l i c  a c i d s  w e r e  a t  l o w  
m i c r o m o l a r  c o n c e n t r a t i o n s  a n d  t h e r e f o r e  d i f f i c u l t  t o  d e t e r m i n e  b y  v o l t a m m e t r y .  T h e  
p h e n o l i c  a c i d s  w e r e  t h e r e f o r e  p r e c o n c e n t r a t e d  o n  t h e  S e p - p a k  c a r t r i d g e ,  t h u s  
i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  a n a l y t e s .  B o t h  C i 8  a n d  t C i 8 S e p - p a k  c a r t r i d g e s  w e r e  
u t i l i s e d .  I t  w a s  f o u n d  t h a t  a c t i v a t i o n  o f  t h e  S e p - p a k  c a r t r i d g e  w a s  c r i t i c a l .  F l u s h i n g  
t h e  c a r t r i d g e  w i t h  v o l u m e s  o f  m e t h a n o l  g r e a t e r  t h a n  1 m l  r e s u l t e d  i n  d i f f i c u l t y  i n  
e l u t i n g  t h e  p h e n o l i c  a c i d s  w i t h  t h e  0 . 1  M  p h o s p h a t e  b u f f e r  p H  6 . 0 .
I n i t i a l  i n v e s t i g a t i o n s  o f  t h e  p h e n o l i c  a c i d s  w h e r e  c a r r i e d  o u t  u s i n g  a  c o m m e r c i a l  C E  
s y s t e m  ( I S C O ,  C a p i l l a r y  E l e c t r o p h e r o g r a p h ,  L i n c o l n ,  N E )  w i t h  a  U V  d e t e c t o r .  U s i n g  
a  s t a n d a r d  s o l u t i o n  o f  t h e  p h e n o l i c  a c i d s  a t  a  c o n c e n t r a t i o n  o f  1 0 0  ( J .M ,  t h e  m i g r a t i o n  
o r d e r  o f  t h e  a c i d s  w a s  d e t e r m i n e d  b y  s p i k i n g  a  2 0 | i l  a l i q u o t  o f  t h e  s t a n d a r d  s o l u t i o n  
( 1 0 0  | i M )  w i t h  e a c h  p h e n o l i c  a c i d  i n d i v i d u a l l y  t o  a  c o n c e n t r a t i o n  o f  5 0 0  f i M .  T h e  
m i g r a t i o n  o r d e r  o b t a i n e d  i s  p r e s e n t e d  i n  T a b l e  4 . 1 .
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Time (minutes) Tima (minutas)
F i g u r e  4 . 2 0  ( A )  E l e c t r o p h e r o g r a m  o f  r a w  b e e r  s a m p l e  ( B u d w e i s e r ) ;  ( B )  B e e r  s a m p l e  
( 4 0  m i s )  a f t e r  e x t r a c t i o n  f r o m  a  C i g  S e p - p a k  c a r t r i d g e ;  ( C )  B e e r  s a m p l e  
( 2 0  m i s )  a f t e r  e x t r a c t i o n  f r o m  a  t C i g  S e p - p a k  c a r t r i d g e ; ( D )  B e e r  s a m p l e  
( 4 0  m i s )  a f t e r  e x t r a c t i o n  f r o m  a  t C i g  S e p - p a k  c a r t r i d g e ;  C o n d i t i o n s :  5 0  
m M  p h o s p h a t e  b u f f e r  p H  6 . 0 ;  S e p a r a t i o n  p o t e n t i a l  3 0  k V ;  W o r k i n g  
e l e c t r o d e  p o t e n t i a l  + 8 5 0  m V .
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Tim e (minutes)
Figure 4.21 ( A )  D e t e c t i o n  o f  p h e n o l i c  a c i d s  i n  b e e r  s a m p l e  b y  C E - U V .  (B) 1 0 0  | a M  
p h e n o l i c  s t a n d a r d s ;  ( 1 )  c a t e c h o l ;  ( 2 )  c h l o r o g e n i c  a c i d ;  ( 3 )  f e r u l i c  a c i d ;  ( 4 )  
s i n a p i c  a c i d ;  ( 5 )  c a f f e i c  a c i d ;  ( 6 )  p - c o u m a r i c  a c i d ;  ( 7 )  v a n i l l i c  a c i d ;  ( 8 )  
p r o t o c a t e c h u i c  a c i d ;  a n d  ( 9 )  g e n t i s i c  a c i d .
T h e  m i g r a t i o n  o r d e r  o f  t h e  p h e n o l i c  a c i d s  i s  g e n e r a l l y  b a s e d  o n  t h e i r  r e s p e c t i v e  
m o l e c u l a r  w e i g h t s .  M o b i l i t y  o f  i o n s  i n  f l u i d  s o l u t i o n  i s  g o v e r n e d  b y  t h e i r  c h a r g e / s i z e
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r a t i o .  T h e  s i z e  o f  t h e  m o l e c u l e  i s  b a s e d  o n  t h e  m o l e c u l a r  w e i g h t ,  t h e  3 - d i m e n s i o n a l  
s t r u c t u r e  a n d  t h e  d e g r e e  o f  s o l v a t i o n  ( u s u a l l y  h y d r a t i o n ) .  D u e  t o  t h e i r  n e g a t i v e l y  
c h a r g e d  n a t u r e  o f  t h e  p h e n o l i c  a c i d s ,  t h e y  a r e  a t t r a c t e d  t o  t h e  a n o d i c  e n d  o f  t h e  
c a p i l l a r y .  H o w e v e r ,  a s  a  r e s u l t  o f  h y d r o g e n  b o n d i n g  i n t e r a c t i o n  t h e  p h e n o l i c  a c i d s  a r e  
s w e p t  f o r w a r d  t o  t h e  c a t h o d i c  e n d  w i t h  t h e  e l e c t r o o s o m o t i c  f l o w .  C h l o r o g e n i c  a c i d  h a s  
t h e  h i g h e s t  m o l e c u l a r  w e i g h t  a n d  i s  t h e r e f o r e  e l u t e d  f i r s t .
T h i s  o r d e r  i s  f o l l o w e d  d o w n  t o  p - c o u m a r i c  a c i d  a n d  v a n i l l i c  a c i d  ( s e e  T a b l e  4 . 1 ) .  I t  i s  
b e l i e v e d  t h a t  t h e  l i n e a r  s t r u c t u r e  o f  t h e  p - c o u m a r i c  a c i d  a l l o w s  m o r e  h y d r a t i o n  t h a n  
t h a t  o f  v a n i l l i c  a c i d .  S t r u c t u r a l  d i f f e r e n c e s  b e t w e e n  p r o t o c a t e c h u i c  a c i d  a n d  g e n t i s i c  
a p p e a r  t o  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e i r  s e p a r a t i o n  a s  b o t h  c o m p o u n d s  h a v e  t h e  s a m e  
m o l e c u l a r  w e i g h t .  I o n i c  s i z e  m o d i f i e s  m o b i l i t y  b e c a u s e  o f  a  s o l u t e ’ s  f r i c t i o n a l  d r a g  
t h r o u g h  t h e  s u p p o r t i n g  e l e c t r o l y t e .
Phenolic Acid M igration  O rd er M olecular W eigh t
C h l o r o g e n i c  A c i d 1 3 5 4
S i n a p i c  A c i d 2 2 2 4
F e r u l i c  A c i d 3 1 9 4
C a f f e i c  A c i d 4 1 8 0
p - C o u m a r i c  A c i d 5 1 6 4
V a n i l l i c  A c i d 6 1 6 8
P r o t o c a t e c h u i c  A c i d 7 1 5 4
G e n t i s i c  A c i d 8 1 5 4
Table 4.1 M i g r a t i o n  o r d e r  o f  p h e n o l i c  a c i d s .  S e p a r a t i o n  c o n d i t i o n s :  R u n  b u f f e r ;  2 5  
m M  p h o s p h a t e  b u f f e r  ( p H  6 . 0 ) ,  S e p a r a t i o n  p o t e n t i a l ;  3 0  k V ,  C a p i l l a r y  
l e n g t h ;  6 5  c m ,  D e t e c t o r  w a v e l e n g t h ;  2 2 0  n m ,  I n j e c t i o n  t i m e ,  5 s e c s  
( v a c u u m ) .
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T h e  l i m i t  o f  d e t e c t i o n  f o r  t h e  U V  d e t e c t o r  w a s  c a l c u l a t e d  t o  b e  i n  t h e  r a n g e  2 5  t o  3 9  
( i M  ( S / N  =  3 )  f o r  t h e  p h e n o l i c  a c i d s .  T h e  b e e r  s a m p l e s  w e r e  f i l t e r e d  w i t h  a  A c r o d i s c  
s y r i n g e  f i l t e r  p r i o r  t o  i n j e c t i o n  n e a t  o n  t h e  C E  s y s t e m .  T h e  e l e c t r o p h e r o g r a m  o b t a i n e d  
u s i n g  a  d e t e c t o r  w a v e l e n g t h  o f  2 2 0  n m  i s  p r e s e n t e d  i n  F i g u r e  4 . 2 1 .  C o m p a r i n g  t h i s  
e l e c t r o p h e r o g r a m  t o  t h a t  o b t a i n e d  f o r  i n j e c t i o n s  o f  s t a n d a r d s  i t  w a s  n o t  p o s s i b l e  t o  
i d e n t i f y  a n y  p e a k s  c o r r e s p o n d i n g  t o  p h e n o l i c  a c i d s .  U s i n g  a  d e t e c t o r  w a v e l e n g t h  o f  
2 5 4  n m  y i e l d e d  a  s i m i l a r  r e s u l t .  I t  w a s  t h e r e f o r e  c o n c l u d e d  t h a t  t h e  p h e n o l i c  a c i d s  
w h e r e  p r e s e n t  a t  c o n c e n t r a t i o n s  l e s s  t h a n  t h e  L . O . D .  T h e r e f o r e  C E  w i t h  U V  d e t e c t i o n  
i s  n o t  s u f f i c i e n t l y  s e n s i t i v e  e n o u g h  t e c h n i q u e  f o r  t h e  d e t e r m i n a t i o n  o f  p h e n o l i c  a c i d s  i n  
b e e r .
Time (minutes)
F i g u r e  4 . 2 2  E l e c t r o p h e r o g r a m  o f  r a w  b e e r  s a m p l e  w i t h o u t  a n y  s a m p l e  p r e - t r e a t m e n t .
( 1 )  c h l o r o g e n i c  a c i d ;  ( 2 )  f e r u l i c  a c i d ;  ( 3 )  s i n a p i c  a c i d ;  ( 4 )  c a f f e i c  a c i d ;  
( 5 )  p - c o u m a r i c  a c i d ;  ( 6 )  v a n i l l i c  a c i d ;  a n d  ( 7 )  p r o t o c a t e c h u i c  a c i d .  
C o n d i t i o n s :  r u n  b u f f e r ;  2 5  m M  p h o s p h a t e  b u f f e r  p H  6 . 0 ,  w o r k i n g  
e l e c t r o d e  p o t e n t i a l ;  + 1 0 0 0  m V ,  s e p a r a t i o n  v o l t a g e  3 0  k V .
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C E  w i t h  a m p e r o m e t r i c  d e t e c t i o n  w a s  t h e n  a p p l i e d  t o  t h e  d e t e r m i n a t i o n  o f  t h e  p h e n o l i c  
a c i d s .  A m p e r o m e t r i c  d e t e c t i o n  i s  m u c h  s u p e r i o r  t o  U V  i n  t e r m s  o f  i t s  d e t e c t i o n  l i m i t s .  
T h e  e l e c t r o p h e r o g r a m  o b t a i n e d  f o r  a n  i n j e c t i o n  o f  b e e r  i s  p r e s e n t e d  i n  F i g u r e  4 . 2 2 .  
T w o  p r o b l e m s  a r e  e v i d e n t  f r o m  t h e  e l e c t r o p h e r o g r a m .  F i r s t l y  t h e  c o m p l e x  n a t u r e  o f  
t h e  e l e c t r o p h e r o g r a m  m a k e s  a s s i g n m e n t  o f  p e a k  i d e n t i t y  a  d i f f i c u l t  t a s k  b e c a u s e  o f  
s h i f t i n g  m i g r a t i o n  t i m e s  c o u p l e d  w i t h  t h e  f a c t  t h a t  i t  i s  i m p o s s i b l e  t o  b e  1 0 0 %  
c o n f i d e n t  t h a t  a  p e a k  i s  t h a t  o f  t h e  p h e n o l i c  a c i d  i n s t e a d  o f  a n o t h e r  e l e c t r o a c t i v e  
c o m p o u n d .  C l e a r l y  a n  e x t r a  m e a s u r e m e n t  d i m e n s i o n  a f f o r d e d  b y  v o l t a m m e t r y  w o u l d  
g r e a t l y  h e l p  t h e  i d e n t i f i c a t i o n  p r o c e s s .  S e c o n d l y  t h e  l a r g e  n e u t r a l  p e a k  r e s u l t s  i n  
d i s t o r t i o n  o f  t h e  b a s e l i n e .  B a s e l i n e  d i s t o r t i o n  m u s t  b e  m i n i m i s e d  f o r  t h e  s u c c e s s f u l  
i m p l e m e n t a t i o n  o f  v o l t a m m e t r i c  d e t e c t i o n .
4.5.8 Voltammetry
V o l t a m m e t r i c  e x p e r i m e n t s  w e r e  i n i t i a l l y  c a r r i e d  o u t  w i t h  a n  e n d - c o l u m n  d e c o u p l e r  
c o n f i g u r a t i o n  o n l y .  A s  p r e v i o u s l y  d i s c u s s e d  i t  w a s  n o t  p o s s i b l e  t o  t i t r a t e  t h e  r u n  b u f f e r  
f a s t  e n o u g h  t o  a c h i e v e  t h e  e n h a n c e m e n t  o f  s e n s i t i v i t y  r e q u i r e d  w i t h  t h e  e n d - c o l u m n  
d e c o u p l e r .  A n  o n - c o l u m n  d e c o u p l e r  w a s  t h e r e f o r e  a d d e d  i n  f r o n t  o f  t h e  e n d - c o l u m n  
t o  f a c i l i t a t e  t i t r a t i o n  o f  t h e  r u n  b u f f e r  b e f o r e  r e a c h i n g  t h e  e n d - c o l u m n  d e c o u p l e r .
B o t h  t h e  s e p a r a t i o n  a n d  v o l t a m m e t r i c  p a r a m e t e r s  w e r e  e x a m i n e d  i n  t e r m s  o f  t h e  
s e n s i t i v i t y  o f  r e s p o n s e  a n d  p e a k  s e p a r a t i o n .  A  s c a n  r a t e  o f  1 8  V / s e c  w a s  u s e d  
t h r o u g h o u t  f o r  t h e s e  s t u d i e s .  P h o s p h a t e  r u n  b u f f e r s  o f  5 ,  1 0 ,  2 5  a n d  5 0  m M  
c o n c e n t r a t i o n  w e r e  u s e d  w i t h  s e p a r a t i o n  p o t e n t i a l s  o f  2 0 ,  2 5  a n d  3 0  k V .  T h e  d a t a  
i n d i c a t e s  t h a t  s e n s i t i v i t y  o f  r e s p o n s e  i n c r e a s e d  w i t h  l o w e r  i o n i c  s t r e n g t h .  T h i s  i s  i n  
d i r e c t  c o n t r a d i c t i o n  w i t h  d a t a  o b t a i n e d  f o r  o p e n  c e l l  s t u d i e s .  N o  c l e a r  e x p l a n a t i o n  h a s
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b e e n  d e v e l o p e d  y e t  t o  e x p l a i n  t h i s  p h e n o m e n o n .  T h e  s e n s i t i v i t y  o f  r e s p o n s e  w a s  a l s o  
o b s e r v e d  t o  i n c r e a s e  w i t h  i n c r e a s e d  s e p a r a t i o n  p o t e n t i a l .  I t  w a s  c o n c l u d e d  t h a t  t h e  
c h a n g e s  i n  s e n s i t i v i t y  w e r e  d u e  t o  h y d r o d y n a m i c  e f f e c t s .  T h e  e l e c t r o o s m o t i c  f l o w  
i n c r e a s e d  w i t h  i n c r e a s e d  s e p a r a t i o n  p o t e n t i a l  a n d  d e c r e a s i n g  i o n i c  s t r e n g t h .  A s  t h e  
e l e c t r o o s m o t i c  f l o w  i n c r e a s e s  t h e  r u n  t i m e  d e c r e a s e s ;  h o w e v e r  t h e  r e s o l u t i o n  b e t w e e n  
t h e  p e a k s  i s  d e c r e a s e d .
T i m e  ( m in u t e )
F i g u r e  4 . 2 3  E l e c t r o p h e r o g r a m s  o f  a  1 0  |j M  p h e n o l i c  a c i d  m i x t u r e  a f t e r  s e p a r a t i o n  b y  
C E .  T h e  e l e c t r o p h e r o g r a m s  w e r e  e x t r a c t e d  f r o m  a  3 - d  v o l t a m m o g r a m  a t  
a  v a r i e t y  o f  p o t e n t i a l s  b e t w e e n  + 3 0 0  m V  a n d  + 1 2 0 0  m V .  C o n d i t i o n s :  5  
m M  p h o s p h a t e  b u f f e r  p H  6 . 0 .  S c a n  r a t e ;  1 8  V / s e c .  I n j e c t i o n ;  
e l e c t r o k i n e t i c - 2  s e c o n d s .  O n - c o l u m n  d e c o u p l e r  s o l u t i o n ;  0 . 1  M  H C 1 .  
E l e c t r o c h e m i c a l  c e l l  s o l u t i o n :  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .
T h i s  f a c t  i s  r e f l e c t e d  i n  F i g u r e  4 . 2 3 .  P e a k  4  i s  a  d u a l  p e a k  c o m p o s i n g  o f  f e r u l i c  a c i d
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a n d  c a f f e i c  a c i d ,  p e a k  5  i s  t r i p l e  p e a k  c o m p o s i n g  p - c o u m a r i c  a c i d ,  v a n i l l i c  a c i d  a n d  
p r o t o c a t e c h u i c  a c i d .  T h e  r e s o l u t i o n  b e t w e e n  t h e  p e a k s  i s  i m p r o v e d  a s  t h e  s e p a r a t i o n  
p o t e n t i a l  i s  r e d u c e d  a n d  t h e  i o n i c  s t r e n g t h  o f  t h e  r u n  b u f f e r  i s  i n c r e a s e d .  T h e  p e a k s  a r e  
c o m p l e t e l y  r e s o l v e d  a t  a  p o t e n t i a l  o f  2 5  k V  a n d  a  b u f f e r  c o n c e n t r a t i o n  o f  2 5  m M ,  a s  
c a n  b e  s e e n  i n  F i g u r e  4 . 2 4 .
F i g u r e  4 . 2 4  E l e c t r o p h e r o g r a m s  o f  a  p h e n o l i c  a c i d  m i x t u r e  a f t e r  s e p a r a t i o n  b y  C E .  T h e  
e l e c t r o p h e r o g r a m s  w e r e  e x t r a c t e d  f r o m  a  3 - d  v o l t a m m o g r a m  a  v a r i e t y  
o f  p o t e n t i a l s  b e t w e e n  + 3 0 0  m V  a n d  + 1 2 0 0  m V .  C o n d i t i o n s :  2 5  m M  
p h o s p h a t e  b u f f e r  p H  6 . 0 .  S e p a r a t i o n  p o t e n t i a l :  2 5  k V .
T h e  p e a k s  o f  t h e  p h e n o l i c  a c i d s  c a n  b e  s e e n  c l e a r l y  t o g e t h e r  w i t h  t h e  n e u t r a l  m a k e r  
( h y d r o q u i n o n e ) .  T h e  r u n  t i m e  i s  i n c r e a s e d  b y  a p p r o x i m a t e l y  2  m i n u t e s .  T h e r e  i s  a  
r e d u c t i o n  i n  s e n s i t i v i t y  w h i c h  i s  p r o b a b l y  d u e  t o  t h e  t h i n  l a y e r  p r o p e r t i e s  o f  t h e  
d e c o u p l e r  w h i c h  c h a n g e s  w i t h  t h e  r a t e  o f  e l e c t r o o s m o t i c  f l o w  d u e  t o  h y d r o d y n a m i c
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e f f e c t s .  T h e  h y d r o d y n a m i c  e f f e c t s  m a y  i n f l u e n c e  t h e  t i t r a t i o n  o f  t h e  r u n  b u f f e r  w h i c h  
h a s  a  d i r e c t  b e a r i n g  o n  t h e  s e n s i t i v i t y  o f  r e s p o n s e .  I t  w i l l  a l s o  h a v e  a  b e a r i n g  o n  t h e  
r a t e  o f  m a s s  t r a n s p o r t  t o  t h e  c a r b o n  f i b e r  e l e c t r o d e .
C l e a r l y  a  t r a d e  o f f  b e t w e e n  s e n s i t i v i t y  a n d  r e s o l u t i o n  m u s t  b e  e s t a b l i s h e d .  T h e  b e s t  
r e s o l u t i o n  w a s  o b t a i n e d  w i t h  a  5 0  m M  r u n  b u f f e r  a n d  a  s e p a r a t i o n  p o t e n t i a l  o f  2 0  k V .  
T h i s  c o r r e s p o n d s  t o  l o w e s t  e l e c t r o s m o t i c  f l o w  u n d e r  t h e  c o n d i t i o n s  e x a m i n e d .  
H o w e v e r ,  t h e  s e n s i t i v i t y  w a s  e x t r e m e l y  p o o r  u n d e r  t h e s e  s e t  o f  c o n d i t i o n s .  B o t h  t h e  
i o n i c  s t r e n g t h  o f  t h e  b u f f e r  a n d  t h e  s e p a r a t i o n  p o t e n t i a l  a l s o  a p p e a r  t o  h a v e  s o m e  e f f e c t  
o n  t h e  v o l t a m m e t r y .  T h i s  e f f e c t  w a s  n o t  s i g n i f i c a n t  a s  e x p e c t e d .
T h e  h y d r o d y n a m i c  v o l t a m m o g r a m s  t a k e n  f r o m  t h e i r  r e s p e c t i v e  3 - d i m e n s i o n a l  
v o l t a m m o g r a m s  a r e  s h o w n  i n  F i g u r e  4 . 2 5 .  T h e  s h a r p e s t  v o l t a m m e t r i c  r e s p o n s e s  w e r e  
o b t a i n e d  u s i n g  a  s e p a r a t i o n  v o l t a g e  o f  3 0  k V  a n d  a  5  m M  p h o s p h a t e  r u n  b u f f e r  p H  6 . 0 .  
( F i g u r e  4 . 2 5  ( A ) ) .  U n d e r  t h e s e  p a r t i c u l a r  c o n d i t i o n s  g o o d  d e f i n i t i o n  o f  t h e  p e a k  s h a p e  
i s  o b t a i n e d  t o g e t h e r  w i t h  a  s h a r p  r i s e  i n  t h e  i - E  c u r v e .  T h e  i - E  c u r v e s  u n d e r  t h e s e  
c o n d i t i o n s  g i v e  t h e  c l o s e s t  f i t  t o  t h e  t h e o r e t i c a l  N e r n s t i a n  r e s p o n s e  ( A E  =  5 9 . 1  m V ) .  
B o t h  t h e  s h a r p n e s s  o f  r e s p o n s e  a n d  t h e  p e a k  i s  l o s t  a t  l o w e r  s e p a r a t i o n  p o t e n t i a l s  ( s e e  
F i g u r e  4 . 2 5  ( B ) ) .  T h e  r e s u l t s  o b t a i n e d  c l e a r l y  i n d i c a t e  t h a t  t h e  s e p a r a t i o n  p o t e n t i a l  h a s  
t h e  m o s t  d r a m a t i c  e f f e c t  o n  t h e  i - E  c u r v e s .  T h e  w o r s t  r e s p o n s e s  w e r e  a g a i n  o b t a i n e d  




Figure 4.25 (A) H y d r o d y n a m i c  v o l t a m m o g r a m s  o f  10 [ J .M  p r o t o c a t e c h u i c  a c i d  ( P )  a n d  
1 0  ( J .M  c a f f e i c  a c i d  ( C ) .  S e p a r a t i o n  p o t e n t i a l  3 0  k V .  (B) 
H y d r o d y n a m i c  v o l t a m m o g r a m s  o f  1 0  p i M  p r o t o c a t e c h u i c  a c i d  ( P )  a n d  
1 0  |_ iM  c a f f e i c  a c i d  ( C ) .  S e p a r a t i o n  p o t e n t i a l  2 0  k V .  C o n d i t i o n s :  5  
m M  p h o s p h a t e  r u n  b u f f e r  p H  6 . 0 .  S c a n  r a n g e  + 3 0 0  t o  + 1 2 0 0  m V .  
S c a n  r a t e  1 8  V  s ' 1. I n j e c t i o n :  e l e c t r o k i n e t i c - 2  s e c s  a t  3 0  k V .  O n -  
c o l u m n  d e c o u p l e r  s o l u t i o n :  0 . 1  M  H C 1 .  E l e c t r o c h e m i c a l  c e l l  s o l u t i o n :
0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .
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A  3 - d i m e n s i o n a l  v o l t a m m o g r a m  o f  a  1 0  ( J .M  s t a n d a r d  p h e n o l i c  a c i d  m i x t u r e  i s  s h o w n  
i n  F i g u r e  4 . 2 6 .  G o o d  d e f i n i t i o n  o f  t h e  v o l t a m m o g r a m s  i s  o b t a i n e d  w i t h  t h e  c o n d i t i o n s  
u s e d .  T h e  3 - d i m e n s i o n a l  d e f i n i t i o n  o f  t h e  v o l t a m m o g r a m s  f a c i l i t a t e s  e a s e  o f  p e a k  
i d e n t i f i c a t i o n .  T h e  i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  p e a k  s h a p e ,  t h e  h a l f w a v e  p o t e n t i a l  
a n d  t h e  m i g r a t i o n  t i m e  c a n  b e  a s s i m i l a t e d  t o g e t h e r  w h e n  a s s i g n i n g  t h e  i d e n t i t y  t o  a  
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Figure 4.26 3 - D i m e n s i o n a l  h y d r o d y n a m i c  v o l t a m m o g r a m  o f  a 1 0  fiM p h e n o l i c  a c i d  
s t a n d a r d  m i x t u r e  f o l l o w i n g  s e p a r a t i o n  b y  C E .  C o n d i t i o n s :  1 0  m M  
p h o s p h a t e  b u f f e r  p H  6 . 0 .  S c a n  r a t e :  1 8  V  s ' 1. S c a n  r a n g e :  + 3 0 0  t o  + 1 2 0 0  
m V .  S e p a r a t i o n  v o l t a g e  3 0  k V .  E n d - c o l u m n  d e c o u p l e r  r e s e r v o i r :  0 . 1  M  
H C 1 .  E l e c t r o c h e m i c a l  c e l l  s o l u t i o n :  0 . 1  M  p h o s p h a t e  b u f f e r  p H  2 . 5 .  
I n j e c t i o n :  e l e c t r o k i n e t i c - 2  s e c s  a t  3 0  k V .
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T h e  l i m i t  o f  d e t e c t i o n  f o r  t h e  s y s t e m  i s  a p p r o x i m a t e l y  2 - 3  [ i M  ( S / N  =  3 )  p r e s e n t .  T h i s  
i s  a n  i m p r o v e m e n t  o v e r  t h e  r e s u l t s  r e p o r t e d  b y  F e r r i s  e t  al. [ 8 1 ] .  T h e  v o l t a m m o g r a m s  
a r e  a l s o  s u p e r i o r  i n  t e r m s  o f  t h e  s t a b i l i t y  o f  t h e  b a s e l i n e  a n d  t h e  f l a t n e s s  o f  t h e  b a s e l i n e  





T h e r e  i s  u n l i k e l y  t o  b e  a n y  m a j o r  r e v o l u t i o n  i n  t h e  e l e c t r o c h e m i c a l  i n s t r u m e n t a t i o n  a n d  
e l e c t r o c h e m i c a l  d e t e c t i o n  i n  t h e  n e x t  c o u p l e  y e a r s  b u t  r a t h e r  s t e a d y  d e v e l o p m e n t  o f  t h e  
w o r k  p r e s e n t e d  i n  t h i s  t h e s i s .  T h e  u s e  o f  p h o t o l i t h o g r a p h y  a n d  r e l a t e d  t e c h n i q u e s  h a s  
i n t r o d u c e d  e x c i t i n g  p o s s i b i l i t i e s  i n t o  e l e c t r o c h e m i c a l  i n s t r u m e n t a t i o n .  T h e  
d e v e l o p m e n t  o f  d i s p o s a b l e  e l e c t r o d e s  a n d  e l e c t r o d e  a r r a y s  i s  n o w  f e a s i b l e .  T h i s  m a y  
h e l p  t o  r e m o v e  s o m e  o f  t h e  a g e  o l d  p r o b l e m s  o f  i r r e p r o d u c i b i l i t y  d u e  t o  s u r f a c e  
p o i s o n i n g  t h a t  h a v e  g e n e r a l l y  p l a g u e d  e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  A u t o m a t i o n  o f  
e l e c t r o c h e m i c a l  i n s t r u m e n t a t i o n  w i l l  b e c o m e  a  p r a c t i c a l  r e a l i t y ,  t h u s  m a k i n g  i t s  
a p p l i c a t i o n  t o  r o u t i n e  a n a l y s i s  s i t u a t i o n s  e a s i e r .  C o n t i n u e d  e v o l u t i o n  i n  s o f t w a r e  w i l l  
m a k e  t h e  o p t i o n  o f  d e v e l o p i n g  o n e ’ s  o w n  s o f t w a r e  a n  e a s i e r  a l t e r n a t i v e  f o r  t h o s e  w h o  
a r e  n o t  c o m p u t e r  l i t e r a t e .
I n  C h a p t e r  2  o f  t h i s  t h e s i s  t h e  d e s i g n ,  d e v e l o p m e n t  a n d  a p p l i c a t i o n  o f  a  m u l t i c h a n n e l  
p o t e n t i o s t a t  w a s  d i s c u s s e d .  T h i s  p o t e n t i o s t a t  w a s  u s e d  w i t h  m u l t i p l e  e l e c t r o d e s  o r  
a r r a y s  e l e c t r o d e s  i n  b o t h  l i n e a r  o r  r a d i a l  c o n f i g u r a t i o n s .  A m p e r o m e t r i c  a r r a y s  c a n  
o f f e r  a  s i g n i f i c a n t  i m p r o v e m e n t  i n  e l e c t r o c h e m i c a l  d e t e c t i o n  o v e r  s i n g l e  e l e c t r o d e s .  
W i t h  a n  a m p e r o m e t r i c  a r r a y  i t  i s  p o s s i b l e  t o  a c h i e v e  t h e  s e n s i t i v i t y  o f  s i n g l e  e l e c t r o d e  
a m p e r o m e t r i c  m e a s u r e m e n t s  w h i l e  o b t a i n i n g  t h e  s a m e  l e v e l  o f  i n f o r m a t i o n  a s  a  
v o l t a m m e t r i c  e x p e r i m e n t  w i t h o u t  t h e  p r o b l e m s  o f  c h a r g i n g  c u r r e n t  e f f e c t s .  T h e  
i m p r o v e m e n t s  o f f e r e d  a r e  b o t h  i n  t h e  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  r e a l m s  o f  a n a l y s i s .
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H i g h  s p e e d  d a t a  a c q u i s i t i o n ,  w h i c h  i s  e q u i v a l e n t  t o  h i g h  s c a n  r a t e s ;  c a n  b e  c a r r i e d  o u t  
r o u t i n e l y  w i t h o u t  t h e  u n d e s i r e d  c h a r g i n g  c u r r e n t s ,  t h e r e f o r e  d i s t o r t i o n  o f  t h e  
v o l t a m m o g r a m  c a n  i n  p r i n c i p l e  b e  a v o i d e d  w i t h  m u l t i c h a n n e l  d e t e c t i o n .  U s e  o f  a n  
a r r a y  s h o u l d  m a k e  i t  p o s s i b l e  t o  i m p l e m e n t  d a t a  r e d u n d a n c y  r e g i m e s  a n d  t h e r e f o r e  
e n h a n c e  t h e  r e l i a b i l i t y  a n d  a c c u r a c y  o f  t h e  d a t a  o b t a i n e d .
T h e  r e s u l t s  o b t a i n e d  h i g h l i g h t  t h e  p r o b l e m s  o f  n o n - i d e a l  b e h a v i o u r  i n  a m p e r o m e t r i c  
a r r a y s .  I d e a l  b e h a v i o u r  o f  a  m u l t i e l e c t r o d e  d e t e c t o r  w o u l d  i n c l u d e  a n  e q u i v a l e n t  
r e s p o n s e  ( s i g n a l ,  n o i s e  a n d  b a c k g r o u n d )  o f  a l l  c h a n n e l s  w h e n  t h e  w o r k i n g  e l e c t r o d e s  
a r e  s e t  a t  t h e  s a m e  p o t e n t i a l ,  n o  c r o s s - t a l k  b e t w e e n  t h e  i n d i v i d u a l  c h a n n e l s ,  a n d  
s i g n a l - t o - n o i s e  r a t i o s  c o m p a r a b l e  w i t h  c o n v e n t i o n a l  s i n g l e - e l e c t r o d e  a m p e r o m e t r i c  
d e t e c t o r s .  E q u a l i t y  o f  t h e  r e s p o n s e s  i s  d e t e r m i n e d  b y  t h e  h y d r o d y n a m i c  a n d  m a s s -  
t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  c e l l ,  b y  e l e c t r o d e  a n d  c e l l  g e o m e t r y ,  b y  e l e c t r o d e  
k i n e t i c s  a n d  b y  p r o p e r  c o n f i g u r a t i o n  a n d  a d j u s t m e n t  o f  t h e  e l e c t r o n i c s  i n  t h e  
p o t e n t i o s t a t .  T h e  d a t a  i n d i c a t e s  t h a t  s i g n i f i c a n t  i m p r e c i s i o n  a n d  e r r o r  w i l l  b e  p r e s e n t  i n  
t h e  r e s u l t s  i f  n o r m a l i s a t i o n  i s  n o t  u t i l i s e d .
A  f u n d a m e n t a l  f e a t u r e  o f  a m p e r o m e t r i c  a r r a y  d e t e c t i o n  s y s t e m s  i s  t h e  a b i l i t y  t o  
f a b r i c a t e  a r r a y s  w i t h  n e a r  i d e n t i c a l  s u r f a c e  a r e a s  a n d  k i n e t i c s .  T h i s  i s  i m p o s s i b l e  t o  
a c h i e v e  w i t h  u s i n g  s t a n d a r d  e l e c t r o d e  f a b r i c a t i o n  t e c h n o l o g y .  A r r a y s  w h i c h  h a v e  b e e n  
c o n s t r u c t e d  u s i n g  c o n v e n t i o n a l  f a b r i c a t i o n  t e c h n o l o g y  m u s t  h a v e  t h e i r  r e s p o n s e  
c h a r a c t e r i s t i c s  n o r m a l i s e d  t o  c o m p e n s a t e  f o r  i n d i v i d u a l  d i s c r e p a n c i e s  i n  e l e c t r o d e  
r e s p o n s e s .  H o w e v e r  t h e s e  p r o c e d u r e s  a r e  l i m i t e d  i n  t h e i r  e f f e c t i v e n e s s .
A  s e c o n d  a p p r o a c h  i n  t h e  f a b r i c a t i o n  o f  a r r a y s  h a s  b e e n  t h e  u s e  o f  p h o t o l i t h o g r a p h y .  
T h e  u s e  o f  t h i s  t e c h n i q u e  t o  f a b r i c a t e  a r r a y s  m a y  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  f u t u r e  
d e v e l o p m e n t  a n d  a p p l i c a t i o n  o f  a m p e r o m e t r i c  a r r a y s .  T h e  a p p l i c a t i o n  o f  b o t h  l i n e a r
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a n d  r a d i a l  a m p e r o m e t r i c  a r r a y s  h a s  b e e n  d e s c r i b e d  i n  t h e  l i t e r a t u r e  [ 3 9 ,  4 4 ] ,  T h i s  
t e c h n i q u e  f a c i l i t a t e s  t h e  p r o d u c t i o n  o f  e l e c t r o d e s  w i t h  h i g h l y  r e p r o d u c i b l e  s u r f a c e  
a r e a s .  L a r g e  n u m b e r s  o f  a r r a y s  c a n  b e  p r o d u c e d  s i m u l t a n e o u s l y  a n d  a t  r e l a t i v e l y  l o w  
c o s t .  H o w e v e r ,  t h e s e  a r r a y s  h a v e  a  l i m i t e d  w o r k i n g  l i f e  d u e  t o  p o o r  m e c h a n i c a l  
c h a r a c t e r i s t i c s  [ 6 4 ] ,  T h e  c o n t i n u e d  d e v e l o p m e n t  o f  m u l t i p l e  e l e c t r o d e  s y s t e m s  i s  
t h e r e f o r e  d e p e n d e n t  o n  t h e  a b i l i t y  t o  p r o d u c e  s t a b l e ,  r e l i a b l e  a n d  r e p r o d u c i b l e  a r r a y s .  
T h e  u s e  o f  a m p e r o m e t r i c  a r r a y s  w i t h  F I A  c a n  a l l o w  t h e  d e t e r m i n a t i o n  o f  m u l t i ­
c o m p o n e n t s  i n  a  s i n g l e  i n j e c t i o n  w i t h o u t  p r i o r  s e p a r a t i o n  a n d  h a s  b e e n  d e m o n s t r a t e d  
f o r  a  m i x t u r e  o f  m e t a l s  i o n s .  T h i s  a p p r o a c h  c a n  b e  e f f e c t i v e ,  p r o v i d e d  t h e r e  i s  
s u f f i c i e n t  r e s o l u t i o n  b e t w e e n  t h e  h a l f w a v e  p o t e n t i a l s  o f  t h e  a n a l y t e s  b e i n g  d e t e r m i n e d  
a n d  t h e  a n a l y t e s  d o  i n t e r a c t  w i t h  e a c h  o t h e r .  T h i s  s y s t e m  i s  p r o b a b l y  o n l y  e f f e c t i v e  a t  
d e t e r m i n i n g  a  l i m i t e d  n u m b e r  o f  a n a l y t e s  a t  a n y  g i v e n  t i m e .
A  m u l t i c h a n n e l  p o t e n t i o s t a t  c o u l d  a l s o  b e  s u c c e s s f u l l y  u s e d  w i t h  m u l t i p l e  b i o s e n s o r s  t o  
d e t e r m i n e  a  n u m b e r  o f  a n a l y t e s  s i m u l t a n e o u s l y .  T h e  d e t e r m i n a t i o n  o f  g l u c o s e  i n  t h e  
p r e s e n c e  o f  i n t e r f e r e n c e s  u s i n g  t w o  s e n s o r s  h a s  b e e n  d e m o n s t r a t e d  i n  C h a p t e r  2 .  T h e  
a p p l i c a t i o n  p r e s e n t e d  i n  t h i s  c h a p t e r  m a y  b e  e x p a n d e d  t o  m u l t i p l e  s e n s o r  s y s t e m s .  T h e  
l i m i t a t i o n s  o f  t h e  s y s t e m  a r e  d e t e r m i n e d  b y  t h e  c a p a b i l i t i e s  o f  t h e  b i o s e n s o r s  w h i c h  a t  
p r e s e n t  g e n e r a l l y  r e m a i n  p o o r .
T h e  g e o m e t r y  o f  a  f l o w  c e l l  p l a y s  a  v i t a l  r o l e  i n  e l e c t r o c h e m i c a l  d e t e c t i o n .  F l o w  c e l l  
d e s i g n s  b a s e d  o n  t h e  t h i n  l a y e r  a n d  t h e  w a l l  j e t  c o n f i g u r a t i o n s  h a v e  f o u n d  t h e  w i d e s t  
a p p l i c a t i o n s  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n .  I n  C h a p t e r  3 ,  a  n e w  c e l l  g e o m e t r y  w a s  
i n t r o d u c e d  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n .  T h e  f o u n t a i n  c e l l  p o s s e s s e s  f l o w  
c h a r a c t e r i s t i c s  w h i c h  m a k e  i t  s u i t a b l e  f o r  e l e c t r o c h e m i c a l  d e t e c t i o n ,  e s p e c i a l l y  w i t h  
m u l t i p l e  e l e c t r o d e s .  A s  t h e  s a m p l e  p l u g  d e v e l o p s  r a d i a l l y  f r o m  t h e  i n l e t ,  e a c h
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e l e c t r o d e  i n  t h e  a r r a y  i s  e x p o s e d  t o  v e r y  s i m i l a r  s e c t i o n  o f  t h e  s a m p l e  p l u g  w h i c h  i s  
n o r m a l l y  d i f f i c u l t  t o  a c h i e v e  w i t h  s t a n d a r d  t h i n  l a y e r  c o n f i g u r a t i o n s .  T h i s  g e o m e t r y  
w o u l d  b e  i d e a l  w i t h  s m a l l  b i o s e n s o r  a r r a y s  w h i c h  c o u l d  t y p i c a l l y  c o n s i s t  o f  b e t w e e n  2  
t o  6  s e n s o r s  c o u p l e d  t o  a  m u l t i c h a n n e l  p o t e n t i o s t a t .
T h e  S F A  s y s t e m  d e s c r i b e d  i n  C h a p t e r  3  h a s  a  n u m b e r  o f  d i s t i n c t  a d v a n t a g e s  o v e r  F I A .  
S o l v e n t  c o n s u m p t i o n  w i t h  S F A  i s  s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  o f  F I A .  M u l t i - r e a g e n t  
s y s t e m s  a r e  e a s i e r  t o  i m p l e m e n t .  A  d i s a d v a n t a g e  i n  s o m e  c a s e s  i s  t h e  r e q u i r e m e n t  f o r  
c o m p u t e r  c o n t r o l  o f  t h e  S F A  s y s t e m .  A n  i n t e r e s t i n g  p o s s i b i l i t y  i n v e s t i g a t e d  i n  C h a p t e r  
3  w a s  t h e  d e v e l o p m e n t  o f  o n - l i n e  c h e m i c a l  m o d i f i c a t i o n  o f  p o l y p y r r o l e - m o d i f i e d  
e l e c t r o d e s  ( C M E )  i n  s i t u .  T h i s  m e t h o d o l o g y  c o u l d  e a s i l y  b e  e x t e n d e d  t o  o t h e r  
p o l y m e r  s y s t e m s  o r  b i o s e n s o r  s y s t e m s .  T h e  v a r i o u s  r e a g e n t s  o r  e n z y m e s  w e r e  p l a c e d  
a t  e a c h  o f  t h e  v a l v e  p o r t s  a n d  a s p i r a t e d  i n  s e q u e n c e .  T h e  p r o c e d u r e  i s  e s s e n t i a l l y ;  
a u t o m a t e d  t h e r e f o r e  h i g h  r e p r o d u c i b i l i t y  i n  t h e  f a b r i c a t i o n  o f  t h e  m o d i f i e d  e l e c t r o d e s  
s h o u l d  b e  p o s s i b l e .
T h e  d e v e l o p m e n t  o f  e l e c t r o c h e m i c a l  d e t e c t i o n  f o r  C E  h a s  b e e n  d i f f i c u l t  i n  c o m p a r i s o n  
t o  i t s  i m p l e m e n t a t i o n  i n  L C  a n d  F I A .  T h e  m a i n  p r o b l e m  i s  t h e  h i g h  p o t e n t i a l  f i e l d s  t h a t  
a r e  u s e d  i n  C E  s e p a r a t i o n .  W h e n  a n  e l e c t r o d e  w a s  p l a c e d  i n  t h e  c a p i l l a r y ,  n o i s e  
a r i s i n g  f r o m  t h e  h i g h  v o l t a g e  a p p l i e d  a c r o s s  t h e  c a p i l l a r y  i n t e r f e r e d  w i t h  d e t e c t i o n .  
T h e  i m p l e m e n t a t i o n  o f  t h e  d e c o u p l e r  d e s i g n  p e r m i t t e d  t h e  f i r s t  u s e  o f  o n - c o l u m n  
d e t e c t i o n  f o r  C E .  T h e  c o u p l e r s  h a v e  e v o l v e d  f r o m  t h e  e a r l y  p o r o u s  g l a s s  c o u p l e r  t o  
t h e  c a s t  N a f i o n  t y p e  u s e d  b y  P a r k  a n d  c o - w o r k e r s  a t  p r e s e n t  [ 7 8 ] ,  A  c a r b o n  f i b e r  w a s  
u s e d  t o  d e t e c t  a n a l y t e s  a m p e r o m e t r i c a l l y  w i t h  d e t e c t i o n  l i m i t s  i n  t h e  l o w  n a n o m o l a r  
r a n g e .  T h e  u s e  o f  c o u p l e r s  h a s  m a d e  e l e c t r o c h e m i c a l  d e t e c t i o n  i n  C E  p o s s i b l e  b y  
t e r m i n a t i n g  t h e  s e p a r a t i o n  v o l t a g e ,  a n d  t h e r e f o r e  n o i s e  c u r r e n t s ,  b e f o r e  d e t e c t i o n .
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S o m e  a l t e r n a t i v e  a p p r o a c h e s  t o  t h e  c o u p l e r  h a v e  a l s o  b e e n  u t i l i s e d  w h i c h  i n c l u d e  
i n s e r t i o n  o f  t h e  c a r b o n  f i b e r  w o r k i n g  e l e c t r o d e  i n t o  a  c a p i l l a r y  o f  s m a l l  i n t e r n a l  
d i a m e t e r ,  a n d  c h e m i c a l  e t c h i n g  o f  t h e  c a p i l l a r y  e n d  o f  a  c a p i l l a r y  t o  p r o v i d e  a  c o n i c a l  
e n t r a n c e  f o r  e l e c t r o d e  p l a c e m e n t .
S p e c i a l  c o n s i d e r a t i o n  m u s t  b e  g i v e n  t o  t h e  s p e c i f i c a t i o n s  o f  t h e  p o t e n t i o s t a t  r e q u i r e d  
f o r  C E - E C .  A r c i n g  b e t w e e n  t h e  h i g h  v o l t a g e  e n d  a n d  g r o u n d  r e s u l t s  i n  p e r m a n e n t  
d a m a g e  t o  t h e  p o t e n t i o s t a t  e s p e c i a l l y  t h e  i - E  c o n v e r t e r .  B A S  n o w  s u p p l i e s  a  m o d i f i e d  
p o t e n t i o s t a t  w h i c h  i s  m o d i f i e d  t o  a l l o w  e a s y  r e p l a c e m e n t  o f  t h e  d a m a g e d  o p - a m p s .  T o  
d a t e ,  n o  s u c c e s s f u l  h a r d w a r e  m e t h o d  o f  p r e v e n t i o n  o f  t h i s  t y p e  o f  d a m a g e  h a s  b e e n  
d e v e l o p e d .  I n  a d d i t i o n  t h e  p o t e n t i o s t a t  m u s t  b e  c a p a b l e  o f  w o r k i n g  a t  h i g h  s e n s i t i v i t i e s  
( d o w n  t o  0 . 1  p A ) .  L o w  n o i s e  o p e r a t i o n  o f  t h e  p o t e n t i o s t a t  i s  c r i t i c a l .  S t a b i l i t y  o f  t h e  
p o t e n t i o s t a t  i n  s u c h  h i g h  g a i n  s i t u a t i o n s  i s  v i t a l  i f  a c c u r a t e  d a t a  a r e  t o  b e  o b t a i n e d .  T h e  
p o t e n t i o s t a t  m u s t  b e  c a p a b l e  o f  s u p p l y i n g  s h o r t  h i g h  c u r r e n t  o u t p u t s  w h i c h  a r e  
n e c e s s a r y  d u r i n g  t h e  e l e c t r o c h e m i c a l  p r e - t r e a t m e n t  o f  t h e  c a r b o n  f i b e r  w o r k i n g  
e l e c t r o d e .
R o u t i n e  a n a l y s i s  o f  c o m p l e x  s a m p l e s  w i t h  C E - E C  i s  p r o b l e m a t i c  b e c a u s e  o f  t h e  
d i f f i c u l t y  i n  a s s i g n i n g  a b s o l u t e  p e a k  i d e n t i t i e s  d u e  t o  s h i f t i n g  m i g r a t i o n  t i m e s .  
H o w e v e r ,  t h e  u s e  o f  v o l t a m m e t r i c  d e t e c t i o n  w h i c h  c a n  g i v e  3 - d i m e n s i o n a l  d e f i n i t i o n  
o f  t h e  C E  p e a k s  h e l p s  t o  o v e r c o m e  t h i s  p r o b l e m ,  a s  t h e  v o l t a m m e t r i c  s h a p e  o f  a  p e a k  
i s  g e n e r a l l y  c h a r a c t e r i s t i c  f o r  a  p a r t i c u l a r  c o m p o u n d .  T h i s  i n f o r m a t i o n ,  c o u p l e d  w i t h  
t h e  h a l f w a v e  p o t e n t i a l  o f  t h e  c o m p o u n d  a n d  t h e  m i g r a t i o n  t i m e ,  g r e a t l y  a i d s  i n  t h e  
i d e n t i f i c a t i o n  p r o c e s s .  T h e  t e c h n i q u e  i s  a l s o  e x t r e m e l y  u s e f u l  w h e r e  t h e  p r o b l e m  o f  c o ­
e l u t i o n  o c c u r s .  C o n t o u r  p l o t s  o f  a  p e a k  w i l l  n o r m a l l y  r e v e a l  w h e t h e r  i t  i s  h o m o g e n o u s  
o f  c o m p o s e d  o f  t w o  o r  m o r e  r e s p o n s e s .
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T h e r e  a  n u m b e r  o f  i n h e r e n t  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  i m p l e m e n t a t i o n  o f  
v o l t a m m e t r i c  d e t e c t i o n  w i t h  C E .  D i s t o r t i o n  o f  t h e  v o l t a m m e t r i c  r e s p o n s e  d u e  t h e  
e l e c t r o p h o r e s i s  c u r r e n t  c a n  b e  p a r t i c u l a r l y  a c u t e  a n d  d i f f i c u l t  t o  e l i m i n a t e  w i t h  
t r a d i t i o n a l  d e c o u p l e r  d e s i g n s .  T h e  u s e  o f  a  N a f i o n  e n d - d e c o u p l e r  p r o v i d e s  t h e  
r e q u i r e d  i s o l a t i o n  f r o m  t h e  e l e c t r o p h o r e t i c  c u r r e n t ,  t h u s  m a k i n g  v o l t a m m e t r i c  
d e t e c t i o n  f e a s i b l e .  T h e  p o o r  l e v e l  o f  s e n s i t i v i t y  a s s o c i a t e d  w i t h  v o l t a m m e t r i c  d e t e c t i o n  
i s  n o r m a l l y  a  r e s u l t  o f  s e v e r e  c h a r g i n g  c u r r e n t  e f f e c t s  a t  l o w e r  s e n s i t i v i t i e s .  T h e  e f f e c t s  
o f  c h a r g i n g  c u r r e n t s  w e r e  a l l e v i a t e d  i n  t h e  s y s t e m  d e s c r i b e d  b y  t h e  u s e  o f  a  s e c o n d  
p o t e n t i o s t a t  w h i c h  w a s  d e d i c a t e d  t o  d y n a m i c  b a c k g r o u n d  s u b t r a c t i o n  o f  a n y  c h a r g i n g  
c u r r e n t  e f f e c t s .  T h e  u s e  o f  c a r b o n  f i b e r  m i c r o e l e c t r o d e  w o r k i n g  e l e c t r o d e s  ( 3 3  ( j .m
o . d . )  f u r t h e r  r e d u c e d  c h a r g i n g  c u r r e n t  e f f e c t s  d u e  t h e  s m a l l e r  w o r k i n g  a r e a .  D e s p i t e  
t h e  r e d u c t i o n  o f  c h a r g i n g  e f f e c t s ,  t h e  l i m i t  o f  d e t e c t i o n  w i t h  v o l t a m m e t r i c  d e t e c t i o n  i s  
t h r e e  o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  p o s s i b l e  w i t h  a m p e r o m e t r i c  d e t e c t i o n  ( f . i M  
v s .  n M ) .  T h i s  l i m i t i n g  f a c t o r  w i l l  r e s t r i c t  t h e  g e n e r a l  a p p l i c a t i o n  o f  v o l t a m m e t r y ;  
h o w e v e r ,  i n  s p e c i f i c  a n a l y s i s  s i t u a t i o n s ,  v o l t a m m e t r i c  d e t e c t i o n  w i l l  p r o v e  a  v e r y  
u s e f u l  t o o l .
5.2 Future Trends
T h e  t r e n d  i n  e l e c t r o c h e m i c a l  i n s t r u m e n t a t i o n  i n  r e c e n t  y e a r s  h a s  b e e n  t o w a r d s  
m i n i a t u r i s a t i o n .  T h e r e  h a s  b e e n  g r e a t  i n t e r e s t  i n  t h e  d e v e l o p m e n t  o f  e n t i r e  
e l e c t r o a n a l y t i c a l  i n s t r u m e n t s  o n  s i n g l e  s i l i c o n  w a f e r s .  C o n s t r u c t i o n  o f  a n  e n t i r e  C E  
s y s t e m  w i t h  e l e c t r o c h e m i c a l  d e t e c t i o n  o n  s i l i c o n  a p p e a r s  t o  o f f e r  t h e  m o s t  e x c i t i n g  a n d  
f r u i t f u l  p r o s p e c t  a t  p r e s e n t .  T h e s e  s y s t e m s  o f f e r  f a s t  a n d  e f f i c i e n t  s e p a r a t i o n s  w i t h  
e x t r e m e l y  s m a l l  r e a g e n t  c o n s u m p t i o n .  M a n z  e t  a l .  [ 1 0 2 ]  h a v e  d e s c r i b e d  t h e  b a s i s  f o r  
f a b r i c a t i o n  b a s e d  o n  p h o t o l i t h o g r a p h y  p r o c e s s .  T h e s e  p r o c e s s e s  i n c l u d e  f i l m
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d e p o s i t i o n  ( a d d i t i o n  o f  p h o t o s e n s i t i v e  f i l m ) ,  e t c h i n g  ( r e m o v a l  o f  t h e  o x i d e  a n d  t h e  
p h o t o r e s i s t ) ,  a n d  b o n d i n g  ( a s s e m b l y ) .  U s i n g  t h e s e  t e c h n o l o g i e s ,  a  v a r i e t y  o f  
m i n i a t u r i s e d  a n a l y t i c a l  s y s t e m s ,  i n c l u d i n g  a  g a s  c h r o m a t o g r a p h ,  c o u l o m e t r i c  t i t r a t o r ,  
o x y g e n  s e n s o r  a n d  p H  s e n s o r  h a v e  b e e n  f a b r i c a t e d  o n  w h a t  i s  e s s e n t i a l l y  a  
s e m i c o n d u c t o r  c h i p  [ 1 0 3 ] ,
A t  C i b a - G e i g y  t h e y  h a v e  t a k e n  t h e  c o n c e p t  o f  i n s t r u m e n t  m i n i a t u r i s a t i o n  a  s t e p  f u r t h e r  
[ 1 0 4 ] ,  T h e y  p r o p o s e  t h e  d e v e l o p m e n t  o f  m i c r o  T o t a l  C h e m i c a l  A n a l y s i s  S y s t e m s  ( f j . -  
T A S ) .  S a m p l i n g ,  s a m p l e  t r a n s p o r t ,  a n y  n e c e s s a r y  c h e m i c a l  r e a c t i o n s ,  
c h r o m a t o g r a p h i c  o r  e l e c t r o p h o r e t i c  s e p a r a t i o n  a n d  d e t e c t i o n  c a n  b e  i n t e g r a t e d  i n t o  o n e  
m i n i a t u r e  i n s t r u m e n t .  T h e  m a j o r  g o a l  w i t h  m i n i a t u r i s a t i o n  i s  a n  i m p r o v e m e n t  o f  t h e  
a n a l y t i c a l  p e r f o r m a n c e  w h i c h  i s  c h a r a c t e r i s e d  b y  a  v e r y  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  
a n a l y s i s  t i m e  a n d  c y c l e  t i m e s .  A s  a n  i m p o r t a n t  a d d i t i o n a l  a d v a n t a g e ,  m i n i a t u r i s a t i o n  
l e a d s  t o  a  d r a s t i c  r e d u c t i o n  o f  t h e  c o n s u m p t i o n  o f  s a m p l e  a n d  m o b i l e  p h a s e s .
O n e  t h e  m a j o r  p r o b l e m  a s s o c i a t e d  w i t h  m i n i a t u r i s a t i o n  o f  L C  a n d  C E  h a s  b e e n  w i t h  
r e d u c t i o n  i n  s i z e  o f  t h e  d e t e c t o r .  M i n i a t u r i s a t i o n  o f  o p t i c a l  d e t e c t o r s  s u c h  a s  b a s e d  o n  
U V  s p e c t r o m e t r y  o r  f l u o r e s c e n c e  i s  e x t r e m e l y  p r o b l e m a t i c .  O n  t h e  o t h e r  h a n d ,  
e l e c t r o c h e m i c a l  d e t e c t o r s  l e n d  t h e m s e l v e s  f a v o u r a b l y  t o  t h e  r e d u c e d  s c a l e s  r e q u i r e d .  I t  
t h e r e f o r e  w o u l d  a p p e a r  t h a t  e l e c t r o c h e m i c a l  d e t e c t i o n  w i l l  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  
f u t u r e  d e v e l o p m e n t  o f  t h e s e  s y s t e m s .
T h e  w o r k  i n  t h i s  t h e s i s  c l e a r l y  r e f l e c t s  t h e  t r e n d  t o w a r d s  t h e  a c q u i s i t i o n  o f  m o r e  
i n f o r m a t i o n  [ 1 0 5 ] ,  I n  m a n y  c a s e s  t h e  s t a n d a r d  2 - d i m e n s i o n a l  r e s p o n s e  i s  n o  l o n g e r  
s u f f i c i e n t  t o  m e t  t h e  r e q u i r e m e n t  o f  t h e  a n a l y t i c a l  s c i e n t i s t .  T h e  w o r k  p r e s e n t e d  i n  t h i s  
t h e s i s  o f f e r s  p o s s i b i l i t i e s  f o r  t h e  f u t u r e  d e v e l o p m e n t  o f  F L A ,  L C ,  S F A  a n d  C E  i n  
t e r m s  o f  i n c r e a s e d  i n f o r m a t i o n  c o n t e n t .
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Appendix
1 . D e v e l o p m e n t  o f  a  C o m p u t e r  C o n t r o l l e d  M u l t i c h a n n e l  P o t e n t i o s t a t  f o r  A p p l i c a t i o n s  
w i t h  F l o w i n g  S o l u t i o n  A n a l y s i s .  T a n g  F a n g ,  M i c h a e l  M e  G r a t h ,  D e r m o t  D i a m o n d  a n d  
M a l c o l m R .  S m y t h ,  A n a l . C h i m . A c t a ,  3 0 5  ( 1 9 9 5 )  3 4 7 - 3 5 8 .
2 .  A p p l i c a t i o n  o f  a  M u l t i c h a n n e l  P o t e n t i o s t a t  t o  M e t a l  I o n  D e t e r m i n a t i o n s  i n  F l o w  
I n j e c t i o n  A n a l y s i s .  M i c h a e l  J .  M e  G r a t h ,  T a n g  F a n g ,  D e r m o t  D i a m o n d ,  a n d  M a l c o l m  
R .  S m y t h ,  A n a l . L e t t . ,  2 8 ( 4 )  ( 1 9 9 5 )  6 8 5 - 6 9 6 .
3 .  T h e  U s e  o f  D i f f e r e n t i a l  M e a s u r e m e n t s  w i t h  a  G l u c o s e  B i o s e n s o r  f o r  I n t e r f e r e n c e  
C o m p e n s a t i o n  d u r i n g  G l u c o s e  D e t e r m i n a t i o n s  b y  F l o w  I n j e c t i o n  A n a l y s i s .  M i c h a e l  J .  
M e  G r a t h ,  E m m a u e l  I w u o h a ,  D e r m o t  D i a m o n d  a n d  M a l c o l m  R .  S m y t h ,  B i o s e n s o r s  
a n d  B i o e l e c t r o n i c s ,  1 9 9 5  ( i n  p r e s s ) .
4 .  D e s i g n  a n d  A p p l i c a t i o n  o f  a  F o u n t a i n  T y p e  F l o w  C e l l  f o r  A p p l i c a t i o n s  w i t h  S e q u e n t i a l  
I n j e c t i o n  A n a l y s i s .  M i c h a e l  J .  M e  G r a t h ,  A r i  I v a s k a ,  D e r m o t  D i a m o n d  a n d  M a l c o l m  
R .  S m y t h ,  ( i n  p r e p a r a t i o n . ) .
5 . A p p l i c a t i o n  o f  V o l t a m m e t r i c  D e t e c t i o n  w i t h  C a p i l l a r y  E l e c t r o p h o r e s i s  f o r  t h e  
D e t e r m i n a t i o n  o f  P h e n o l i c  A c i d s .  S a n g r y o u l  P a r k ,  M i c h a e l  J .  M e  G r a t h ,  D e r m o t  
D i a m o n d ,  M a l c o l m  R .  S m y t h  a n d  C r a i g  E .  L u n t e ,  A n a l . C h e m . ,  ( i n  p r e p a r a t i o n ) .
6 .  D e v e l o p m e n t s  i n  M o d e m  E l e c t r o c h e m i c a l  I n s t r u m e n t a t i o n .  M i c h a e l  J .  M e  G r a t h  
D e r m o t  D i a m o n d ,  B o o k  C h a p t e r ,  ( i n  p r e p a r a t i o n ) .
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